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Abstract 
Studies of atmospheric change, including the climatic effects of ozone depletion 
require the coupling of chemistry and General Circulation Models (GCMs). Such 
work requires that both the chemical and dynamical processes be accurately rep-
resented. We begin by showing the information that can be gained from the 2D 
THIN-AIR coupled model of the atmosphere, and highlight its limitations. As 
part of the UGAMP modelling effort we are currently involved in implement-
ing coupled chemical-dynamical modelling in the 3D Unified Model (UM). As a 
first step in this process, the ability of the GCM to reproduce known transport 
mechanisms in the stratosphere and upper troposphere is assessed with different 
configurations of the model. 
The UM is run in troposphere-stratosphere mode and includes simulation of pas-
sive and simple-source tracers. We find that the results are very sensitive to 
the advection scheme implemented, with the age of stratospheric air varying 
from 3 years with the Roe scheme to 5.5 years with the Heun scheme. Simula-
tions of the stratospheric tape recorder signal reveal a signal which ascends at a 
good speed with the Heun scheme, but does not decay with height as expected 
due to amplification of the signal by spurious oscillations. We find barriers to 
tropical-extratropical exchange which have similar properties both above and be-
low the tropopause, and these are consistent with recent work, suggesting that the 
tropopause should be conceived as a 'layer' of several kilometres, whose properties 
change from being wholly tropospheric at the lower boundary, to stratospheric 
at its upper limits. Work presented here provides a useful framework for under-
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The need to understand and predict the atmosphere makes it desirable to create 
models of the atmosphere which include both dynamics and chemistry. 
The ozone layer is situated in the stratosphere and is important since it filters 
out damaging ultraviolet radiation. Transport from the troposphere to strato-
sphere and the subsequent journey around the middle atmosphere is the main 
process involved in introducing the source gases involved in ozone destruction 
(chlorofluorocarbons, nitrous oxide and water vapour) into the stratosphere. Wa-
ter vapour is radiatively significant and contributes strongly to the greenhouse 
effect. It plays a large role in stratospheric chemistry, and in the formation of 
polar stratospheric clouds, which are important for ozone destruction in polar 
regions in spring. It is the main source of hydroxyl radicals, which are involved in 
many photochemical reactions in the stratosphere, and can contribute to ozone 
depletion in mid-latitudes. Therefore there are many reasons for understanding 
the distribution and transport of water vapour into and around the stratosphere. 
It is particularly important to understand transport processes near to the tropopause, 
since they regulate the water vapour content of this area, which has a large effect 
on the radiative balance of the atmosphere. It is also vital to understand the 
impact of aircraft emissions which are deposited directly into this sensitive region 
from a fleet of subsonic aircraft presently increasing rapidly in size, as well as the 
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potential impact of future supersonic aircraft. 
Observations of meteorological conditions and trace gases in the tropical lower 
stratosphere are sparse. It is therefore necessary to use a model of the atmo-
sphere in addition to these observations to be able to understand more about 
the transport and chemical processes in this region. Two-dimensional models 
have traditionally been used for coupled chemistry-dynamical studies but with 
the ever-increasing availability of computing power it is now becoming possible 
to have a three-dimensional representation of the dynamics, radiation and chem-
istry of the lower and middle atmosphere. However, before introducing complex 
chemical reactions to a dynamical model it is important to fully understand the 
transport mechanisms of the model and how they vary with longitude. 
1.2 Aims 
We aim to gain a better understanding of transport processes in the middle 
atmosphere, especially in the tropics, through the use of atmospheric models. In 
particular we are concerned with the following: 
. We will show the usefulness of two-dimensional models and the type of mo-
tions they can represent, and also outline their limitations in the transport 
processes they can resolve. 
. We assess the ability of a three-dimensional model to represent known trans-
port features in the stratosphere by comparing to observations of trace 
gases. 
o The sensitivity of these model results to the choice of advection scheme in 
the model will be highlighted and the advantages and disadvantages of each 
advection scheme explained. 
. Use of the three-dimensional model, which has higher spatial and temporal 
resolution than current global observations, will help us to explain more 
about the exchange of material from the troposphere to the stratosphere. 
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1.3 Outline of the thesis 
This thesis looks at transport processes in the middle atmosphere and the tropopause 
region. We consider how well a general circulation model simulates known pro-
cesses in the stratosphere, and point out the limitations of the model. We then 
use this model to understand more about the processes occurring in the, real 
atmosphere, given these limitations. This thesis is set out as follows. 
Chapter 2 explains transport processes in the middle atmosphere as they are 
understood so far, and outlines gaps in our knowledge. We also look at the various 
ways the interface between the troposphere and stratosphere has been defined, 
and indicate their differences. We then consider how materials are transported 
from the troposphere into the stratosphere and where our understanding is still 
incomplete. 
In Chapter 3 we give an outline of the type of work which can be undertaken with 
a two-dimensional model, and underline its limitations. This example studies the 
effect of supersonic aircraft emissions and how they are transported around the 
stratosphere and interact with other chemical species. 
The Unified Model, a three-dimensional global circulation model, is described 
in Chapter 4. We will use this model in subsequent chapters. We look at the 
underlying physical and dynamical formulation of the model and compare the 
climate it simulates with that observed in the real atmosphere. We pay particular 
attention to the transport mechanisms within the model. 
Chapter 5 presents the 'age of air' in the Unified Model, a diagnostic which helps 
us to understand the large-scale circulation features of the model and real atmo-
sphere. We also look at the sensitivity of this quantity to changes in the method 
of tracer advection within the model. Our results are compared to observations 
and other modelling studies. 
The tropical stratospheric circulation is studied in more detail in Chapter 6 and 
we quantify rates of horizontal and vertical transport. We also consider regions 
of the atmosphere that appear to resist transport, so-called 'barriers', and look 
3 
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at their variation in strength, both in time and space. 
Chapter 7 looks in more detail at the transport of gases from the troposphere to 
the stratosphere. We study the horizontal transport processes occurring above 
and below the tropopause and consider their importance in shaping the trace gas 
distributions which we see. We show that processes occurring above and below 
the tropical tropopause are similar, and consider them not as two layers separated 
by an interface, but as one tropopause layer whose qualities change slowly from 
mainly tropospheric at the base, to mainly stratospheric above. The findings are 
then brought together and conclusions drawn (Chapter 8). 
ru 
Chapter 2 
Transport and chemistry in the 
middle atmosphere 
This Chapter describes what is understood of the circulation and transport mech-
anisms in the middle atmosphere, and highlights where uncertainties remain in 
this picture. The first section describes what we know of the circulation in the 
stratosphere, and what we can infer about it from observations of gases such 
as water vapour. Section 2 introduces and compares the various definitions of 
the tropical tropopause, the interface between the troposphere and stratosphere, 
and looks at how quantities such as tropopause height and temperature change 
throughout the year. In Section 3 we introduce the concept of Stratosphere-
Troposphere Exchange (STE), that of how, where and when material crosses 
this interface in the tropics. The exchange processes across the extratropical 
tropopause are also considered. We give a brief introduction to the chemical 
processes which are relevant to the rest of this work in the fourth section. 
2.1 Zonal picture 
In this section we begin by looking at the heating patterns of the middle atmo-
sphere and note that there must be some important dynamical processes which 
redistribute the heat received from the sun to give the temperature distribution 
which is observed. We then look at these dynamical processes and the meridional 
circulations produced which are important in redistributing heat and chemical 
5 
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constituents in the atmosphere. We also look at the areas where there appear to 
be barriers to such transport processes. 
The most important absorber of incoming solar (shortwave) radiation is ozone, 
which has a maximum mixing ratio around 50 km in altitude. The maximum 
heating rates obtained by the absorption of solar radiation by the ozone layer are 
also found at this altitude and can reach values as high as 12 K per day (James, 
1994). Some solar radiation is also absorbed by oxygen, but the heating rates 
produced are much less significant. The vertical temperature structure of the 
middle atmosphere is partially determined by this heating. Several gases in the 
stratosphere also emit terrestrial (longwave) radiation, cooling the atmosphere 
and acting as a balance to the solar heating described above. Carbon dioxide 
(CO2 ) emission is the primary cooler, with longwave emissions from water vapour 
(H2 0) and ozone (0 3 ) also important. 
These effects combine to form a pattern of heating in the middle atmosphere. In 
the winter hemisphere where there is no incident sunlight, there is no heating, 
but the rates increase rapidly as the tropical latitudes are approached, leading to 
a large pole to equator temperature gradient (see Figure 2.1a). The large north-
south temperature gradient in the winter pole leads to westerly winds increasing 
in magnitude with height through the thermal wind balance, strengthening to 60 
IRS 1  at the stratopause (1 hPa). This high latitude jet stream is known as the 
'polar night jet'. In the summer hemisphere, flow in the stratosphere is easterly, 
in line with the thermal wind balance. However, this balance does not apply in 
the tropics and winds here are more difficult to estimate. 
Figure 2.1 shows the zonal mean temperature distribution in July calculated 
purely from radiative heating rates and the distribution which is actually ob-
served. Clearly there are large differences between the two, the most interesting 
being that the summer mesopause is the coldest place on earth, but has high 
heating rates, and that the tropical tropopause is colder than the extratropics 
and high latitudes. There is clearly a large transport of heat around the atmo-
sphere, and this is indicates the role for dynamics. Adiabatic ascent of air gives 
expansion and cooling. The differences between these two pictures of the temper- 
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Figure 2.1: Zonal mean temperature distribution for July, a) determined by radiative 
calculations, b) observed. Contour interval is 10 K and shading implies temperatures 
less than 213 K. The vertical coordinate (sigma x 1000) is approximately equal to 
pressure (James, 1994) 
ature distribution necessarily imply an upward motion at the tropical tropopause 
and in the summer mesosphere cooling these regions, and conversely downward 
motion in the winter mesosphere producing warming. 
2.1.1 Meridional circulations: wave driving and down-
ward control 
Figure 2.2 is a schematic indication of the zonally averaged picture of circula-
tion from the ground to the mesosphere. The meridional circulation is indi-
cated with yellow arrows. The meridional circulation in the stratosphere trans-
fers mass upward in the tropics, poleward and then downward in the extratrop-
ics (Holton, 1992) the so-called Brewer-Dobson circulation. The upper strato-
spheric/mesospheric circulation (above 10 hPa) is in the form of a single cell, the 
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Figure 2.2: Schematic diagram illustrating meridional transport and temperature 
within the atmosphere. Zonal winds are denoted by the white contours, the merid-
ional circulation by yellow arrows and gravity and planetary wave propagation by grey 
and green arrows respectively. Source: BADC (1999 July) 
Murgatroyd-Singleton circulation, with upward motion over the summer pole, 
meridional motion toward the winter hemisphere and downward motion over the 
winter pole (Murgatroyd and Singleton, 1961). 
Global-scale circulations such as the Brewer-Dobson circulation, the Murgatroyd-
Singleton circulation, the quasi-biennial oscillation (QBO) and the semi-annual 
oscillation (SAO) are wave-driven, the first two in a way which depends on Con -
ohs effects. Importantly, these waves transport momentum and angular momen-
tum irreversibly when they are generated in one place and dissipated in another 
(McIntyre, 1999). Here we will consider planetary Rossby waves and their effects 
on stratospheric circulations. 
Rossby waves and wave breaking 
A Rossby wave is a meridional displacement of a fluid element which conserves 
its potential vorticity (PV) as it moves north or south into an area of higher 
or lower PV respectively. The resulting circulation tends to return the element 
to its 'home' latitude with the restoring force which results in wave motion. 
Chapter 2 	 The middle atmosphere 
This is, as such, a totally reversible displacement. Rossby waves are excited in 
the troposphere by orography and diabatic heating. Since the orography of the 
Northern Hemisphere is more complex, it tends to activate more Rossby waves 
than the Southern Hemisphere. 
Rossby waves can only propagate vertically into westerly flow which is below a 
critical velocity. This critical velocity decreases rapidly as wavelength decreases, 
allowing only the longest waves to propagate into strong westerly winds (See the 
green arrows in Figure 2.2). This means that in the summer hemisphere where 
the zonal flow is easterly, no waves can propagate and the stratosphere should be 
undisturbed by these waves. This also implies that as waves propagate upwards 
through the winter stratosphere the shorter wavelengths will be selectively filtered 
out as the polar night jet increases in intensity leaving only large-scale waves to 
propagate into the stratosphere. 
As a Rossby wave propagates higher into lower density air its amplitude tends 
to grow until large irreversible motions occur. This tends to happen when the 
wave amplitude is of the same magnitude as the length. High and low latitude 
air (of high and low PV respectively) are mixed irreversibly, and an area of low 
PV gradient is formed in the mid-latitudes. This can be thought of as analogous 
to waves on deep water as they approach a beach, and as such has led researchers 
to talk of waves 'breaking' in the stratosphere and the well-mixed air in the mid-
latitudes becoming known as the stratospheric 'surf zone' (McIntyre and Palmer, 
1984). 
The Brewer-Dobson Circulation 
When Rossby waves break in this westerly flow, they exert an easterly (westward) 
force on the zonal wind. This force, plus the rotation of the earth, can be thought 
of as a 'quasi-gyroscopic' pump (Holton et al., 1995) in the sense that pushing 
a ring of air westward has the tendency to make it move poleward due to the 
conservation of angular momentum. This poleward-moving air is then forced 
downwards at high latitudes and by conservation of mass must draw air upward 
from the equatorial tropopause. The response to this forcing tends to extend 
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downwards, hence the term 'downward control' (Haynes et al., 1991), indicating 
that the lower stratosphere is controlled non-locally by this wave-driven force 
in the extratropical stratosphere. It also extends sideways into and across the 
tropics if the pumping is strong enough. This wave-induced pump controls the 
Brewer-Dobson Circulation in the stratosphere and the strength of the circulation 
is thought to be modulated by the strength of the pump (Holton et al., 1995). 
The Murgatroyd-Singleton Circulation appears to be driven in a similar manner 
by vertically propagating internal gravity waves which break in the mesosphere 
(Holton, 1992). See the grey arrows in Figure 2.2. 
The exact distribution of the wave drag in the stratosphere and mesosphere and 
the sources of waves is very uncertain and the focus of much current research. 
Other uncertainties that still remain are the seasonal and interannual variability 
of this stratospheric pump and exactly how it reaches into the tropics. Plumb and 
Eluszkiewicz (1999) noted that in order to describe the tropical ascent branch of 
this circulation correctly, a critical factor is how close to the equator the wave 
driving acts. Realistic ascent on both sides of the equator is found in their model 
when wave driving extends as far equatorward as 12°N and S. However, they 
did not find enough ascent on the summer side of the equator where most is ob-
served. McIntyre (1999) also pointed out that solar heating in no way drives this 
circulation, but that it influences the latitude-height distribution of the radiative 
equilibrium temperatures in the middle atmosphere, which in turn acts as a filter 
for the propagating waves, and thus affects the latitude height distribution of 
the wave forcing. He stressed that solar heating influences the pathway of the 
upwelling, focussing it on the summer side of the equator. This is in agreement 
with Plumb and Eluszkiewicz (1999) who concluded that lower stratospheric and 
upper tropospheric heating have little influence on the magnitude of upwelling 
but may be important in influencing its latitudinal extent. 
2.1.2 The Quasi-Biennial Oscillation 
The Quasi-Biennial Oscillation (QBO) is the name given to an oscillation of the 
tropical zonal wind in the stratosphere, which has a period of around two years. 
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Chapter 2 	 The middle atmosphere 
The easterly and westerly phases of this oscillation propagate downwards from 
the upper stratosphere, with the maximum amplitude of around +/- 25 ms 
near to 20 hPa, with the easterly winds generally stronger than the westerlies. 
These features can be seen clearly in Figure 2.3. 
year 
year 
Figure 2.3: Top: Height-time series of monthly mean zonal wind at Singapore (1°N 
104°E) 1997-2000. The Contour interval is 10 m s and westerly winds are shown 
in yellow/orange. Bottom: Time-series of the zonal wind at 30 hPa. Westerly winds 
are positive. Sonde measurements from Freie Universitat Berlin 
The QBO is believed to be wave driven by various equatori ally-t rapped verti-
cally propagating waves. Kelvin waves contribute to the westerly accelerations 
whilst mixed Rossby-gravity waves contribute to the easterly acceleration. Grav-
ity waves are also important in providing some of the momentum flux needed to 
drive the QBO. 
This equatorial oscillation in the zonal wind has many effects globally and is 
important in determining tracer distributions throughout the stratosphere. An 
excellent review paper (Baldwin et al., 2001) studies in detail the effects of the 
11 
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QBO on dynamics and chemical constituents. Further effects of the QBO will be 
elucidated later in this chapter. 
We will now look at each part of the stratosphere in more detail and discuss 
observations of trace gases, simple and complex modelling studies which give 
more details of the stratospheric circulation and the transport of constituents. 
2.1.3 The atmospheric tape recorder 
Observations of atmospheric trace gases can be very useful as a way of inferring 
details of the circulation. Here water vapour, in particular, is used to give more 
information regarding the upward branch of the Brewer-Dobson circulation in 
the tropics. Tropical lower stratospheric water vapour values display minima 
in January and February and maxima in Northern Hemisphere summer (Mote 
et al., 1995). These are closely related to the annual cycle in tropical tropopause 
temperatures which display the same signal (Yulaeva et al., 1994). These maxima 
and minima are observed to move upward slowly through the lower stratosphere, 
with the signal remaining remarkably unattenuated as time progresses. Mote 
et al. (1995) hypothesise that the seasonal variation in tropopause water vapour 
mixing ratios is transported upward passively by the mean motion in the tropics 
with little meridional mixing of tropical and extratropical air. They also note, 
as the water vapour minima in January and February tend to coincide with the 
maximum residual mean vertical velocity, that the minima tend to get spread 
out vertically, whilst the water vapour maxima tend to sharpen with increasing 
height. This is in agreement with the wave driving theory which predicts a 
stronger pump during Northern Hemisphere winter. 
Observations of CO 2 , which also has an annual cycle related to the seasonal cycle 
of photosynthesis in the biosphere, were used by Boering et al. (1995) to validate 
the theory of unmixed tropical ascent such as that observed in water vapour. The 
water vapour and CO 2 signals are two months out of phase, with the CO 2 minima 
occurring in November and December. They found that CO 2 :H20 correlations 
suggested that the same pattern of unmixed vertical ascent was found in CO 2 . 
Mote et al. (1996) continued to look at the vertical ascent of tropical water vapour, 
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the so called 'tape recorder' signal, and found it present in water vapour data from 
three separate sources: the Microwave Limb Sounder (MLS), the Stratospheric 
Aerosol and Gas Experiment (SAGEII) and HAlogen Occultation Experiment 
(HALOE) instruments. They indicated that the ascent times of the signal from 
the tropopause to 46 hPa, 22 hPa and 10 hPa are around 6-8, 15 and 18 months 
respectively. Ascent rates are faster in the Northern Hemisphere winter (0.4x10 3 
ms-1 ) than during the rest of the year (0.2x10 3 ms'). The tape speed is also 
modulated by the QBO in the lower stratosphere leading to the signal being 
accelerated or delayed by a month or two in the middle stratosphere (at 40 hPa 
/ 22.5 km). The signal attenuates rapidly from the tropopause to 50 hPa but 
then the amplitude remains virtually constant up to 20 hPa. This point will be 
considered in Section 2.1.4. 
Figure 2.4 shows a time series of the anomaly of tropical water vapour from the 
time-mean for 4.5 years of the HALOE dataset. The anomaly from the time-
mean is shown, as the concentration of water vapour increases with height in 
the stratosphere and would obscure the signal otherwise. The schematic diagram 
below explains the successive ascent of dry signals around January and moist 
signals around July. 
The tape recorder signal as seen in observations of water vapour, where the annual 
cycle in tropopause water vapour mixing ratios is carried up in the rising branch 
of the Brewer-Dobson circulation, is like a signal being written on a moving tape 
by a 'recording head' at the tropopause. Continuing with McIntyre's analogy the 
stratospheric pump acts as the 'motor' of the tape recorder regulating its speed. 
From Section 2.1.1, the tropical distribution of radiative equilibrium temperatures 
is to be thought of as the 'guidance wheels' for the recording head: So the sun 
shifts the guidance wheels back and forth but does not power the motor. 
2.1.4 The tropical pipe 
The lack of attenuation of the tape recorder signal with height, suggests that 
there is a region of the tropical stratosphere which is isolated from the extratrop- 
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Figure 2.4: Time-height (16-40 km 100-2 hPa) distribution of HALUE water vapour 
data (anomaly from time-mean) averaged monthly, zonally and from 12°S-12°N for 
July 1993-December 1996. The schematic diagram below explains the ascent of the 
dry (blue) and moist (red) air 
tropics and extratropics in the mid-stratosphere. Plumb (1996) describes a con-
ceptual model of stratospheric transport whereby there is a subtropical barrier 
which allows very little mid-latitude air to mix with tropical air. He suggests 
that the tropics are effectively isolated and that trace gas concentrations here are 
a function of upwelling, chemical source and chemical sink only: A 'pipe' leading 
from the tropical tropopause to the tropical upper stratosphere. 
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At which altitude is the pipe? 
Similar findings of an isolated tropical lower stratosphere are found in observa-
tions of the long-lived species N 2 0 and CFC- 11, both of which have a tropospheric 
source and stratospheric sink (Minschwaner et al., 1996). However, there is ev-
idence that the tropical barrier possesses altitude-dependent permeability, with 
the tropics virtually isolated between 430 and 500 K (around 90 hPa-50 hPa), but 
increased mixing both at higher and lower altitudes. In approximate agreement 
with these findings Mote et al. (1996) suggest reduced mixing-in from the extrat-
ropics (or possibly reduced vertical mixing) between 46 and 10 hPa ('-'-' 21-31 km) 
relative to that found above and below this region. Their findings are based on the 
variation of attenuation rate of the tape signal, and are not at exactly the same 
altitude. This implies more of a 'leaky pipe' analogy (Neu and Plumb, 1999). 
Mote et al. (1998) elaborate on their previous work and continue by looking at 
the relative roles of vertical advection, vertical diffusion and horizontal dilution 
(by extratropical air) in attenuating the tape recorder signal. They conclude that 
the vertical advection velocity and vertical diffusion both have minima around 
20-22 km ( 55-40 hPa), and that although vertical diffusion is relatively small, 
it nonetheless attenuates the signal significantly. They divide the tropical strato-
sphere into three regions, the first below 18 km (i-- 70 hPa) where diffusion and 
dilution are rather high. The second region from 18 to 23 km (' 70-35 hPa) is 
rather more isolated from the mid-latitudes (the leaky pipe) and rises extremely 
slowly (4 km in 6 mths) with dilution and diffusion at a minimum. The third, 
above 23 km, is where diffusion and dilution again become significant. Here the 
signal is attenuated quickly and there is interaction with the mid-latitudes. This 
is possibly as synoptic-scale disturbances originating in the troposphere penetrate 
to the lower stratosphere but then die away with height, and the amplitudes of 
planetary-scale disturbances grow with height due to the density effect, making 
them more important in the upper stratosphere. 
As well as tropical air mixing out to the extratropics it is also possible that a 
large amount of high latitude air is mixed into the tropics, at least in the lower 
stratosphere. Volk et al. (1996) calculate that 45 % of the air in the tropical 
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ascent region at 21 km has been transported from the mid-latitudes during its 
eight month ascent from the tropopause, although they stress that this calculation 
has large uncertainties. 
Interhemispheric differences in the permeability of the pipe 
Air is transported into the winter hemisphere in the upper and mid-stratosphere, 
in the form of planetary-scale tongues associated with planetary-scale waves which 
are propagating along the edge of the winter polar vortex. These are subsequently 
mixed irreversibly by the Rossby wave breaking process in the surf zone. Trans-
port into the summer hemisphere at these altitudes is strongly inhibited. In the 
lower stratosphere much more of the mass is transported into the Southern Hemi-
sphere than the Northern during June, July and August (JJA), but estimates of 
transport into each hemisphere were of equal mass during December, January 
and February (DJF) (Chen et al., 1994). This is, however, not in agreement 
with Pumphrey et al. (2000) who suggest that there is greater transport into 
the Northern Hemisphere of the lower stratosphere, more so during the North-
ern Hemisphere spring than the autumn. These hemispheric differences could be 
due to the size and location of the surf zone in each season (determined by the 
structure of the zonal mean winds and the propagation of Rossby waves). The 
transport at this altitude is thought to be linked to synoptic-scale events such as 
the Asian monsoon in the Northern Hemisphere summer (Chen, 1995). 
Haynes and Shuckburgh (2000a) describe an equatorial region of low mixing, 
rather than a barrier either side of the tropics. This isolated area increases in 
latitudinal width with altitude, and has more of a seasonal shift north and south 
with increasing altitude. (This is due to the increasing role of planetary waves 
with height in defining this area of low mixing). This area tends to lie toward 
the summer side of the equator at higher altitudes (550 / 850 K). At the lower 
altitudes (400 / 450 K) the area of low mixing appears to be centred on the 
equator but it varies in its latitudinal extent throughout the year. It is broadest 
from August to October (40°) and narrows to around 20° during February and 
March. This is thought to be due to the influence of tropospheric eddies and the 
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position of the subtropical jets in each season. Randel et al. (1999) also record 
a latitudinal shift of the tropical pipe of 10-15 degrees in the mid-stratosphere 
(27-32 km), although it is centred on the equator below this level. They suggest 
that this north-south movement of the tropical pipe is also correlated with the 
QBO 30 hPa winds, with movement toward the Northern Hemisphere in the QBO 
westerly phase. 
2.1.5 The subtropical barrier 
The presence of a tropical pipe suggests that there must be some barrier in the 
subtropics dividing the pipe contents from the air in the extratropical regions. An 
apparent barrier to transport can be seen in observations of volcanic aerosol which 
remain trapped on the equatorial side of this barrier (Trepte and Hitchman, 1992). 
However, this barrier is not fixed in time, space or strength. The subtropical 
barrier seen in the winter hemisphere, dividing the surf zone and the tropics, is 
seen to vary in strength and position, both annually (with a stronger barrier in 
the Northern Hemisphere) and interannually. It seems likely that the meridional 
(N-S) shear of the zonal subtropical flow in the winter hemisphere is important 
in confining wave breaking to the mid-latitudes, and therefore for defining the 
subtropical edge of the surf zone (Polvani et al., 1995). There would tend to be 
increased shear in the winter subtropics when the QBO is in its easterly phase, 
and O'Sullivan and Chen (1996) confirmed that Rossby waves cannot propagate 
into the easterly QBO winds. This would tend to sharpen the subtropical tracer 
gradients in this case. During westerlies however, winds can propagate across the 
equator and break when they reach the easterly winds in the summer hemisphere, 
causing mixing there. Chen (1996) goes on to suggest that the strength of the 
zonal mean zonal wind at 30° N or S in the winter hemisphere is very important 
in determining the location and intensity of Rossby wave breaking; When the 30° 
wind is strong and westerly, wave breaking occurs in the high and mid latitude 
winter and in the tropics. When it is weak westerly or easterly, then wave breaking 
is restricted to mid-high winter latitudes. The phase of the QBO is important in 
the former case: With a westerly QBO there is significant wave breaking in mid-
high winter latitudes and also in the summer subtropics but not in the equatorial 
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region where the wind is westerly. When the QBO is easterly, waves break mainly 
in the mid-high winter latitudes. 
Further to these studies O'Sullivan (1997) shows that although Rossby waves 
which reach the equator cannot break there in the westerly phase of the QBO, 
they can however, be absorbed along the QBO westerly jet's flanks (producing 
easterly acceleration) the net effect of which is to reduce the width of the QBO 
jet, but not its core strength. 
Haynes and Shuckburgh (2000a) consider the easterly QBO winds to have weak 
mixing and the equatorial region to be a barrier since waves are inhibited from 
penetrating this regime, however where the QBO is westerly, waves can penetrate 
across the equator and break, causing mixing on the summer side of the equator. 
2.2 The tropical tropopause 
The tropopause divides the unstable troposphere, where temperature decreases 
with height, from the statically stable stratosphere, where temperature begins to 
increase with height. In the troposphere convection is important for transporting 
heat, momentum and trace gases, whereas in the middle atmosphere this role is 
fulfilled by eddy transport. The tropopause has proved difficult to define as it is 
not constant in height, pressure, temperature or any other measurable quantity 
and for this reason there are many definitions of this interface. Before we go on 
to consider how mass and constituents are transported between the troposphere 
and the stratosphere we look at how the division of these two areas is defined, 
and how it varies with time. 
2.2.1 What is the tropopause? 
The tropopause has been defined in many ways which are mostly empirical. The 
many definitions are in terms of the temperature and its lapse rate, potential 
temperature, potential vorticity, pressure, convective regions and chemical com-
position. Here we compare the definitions of the tropopause and look at the ad- 
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vantages and disadvantages of each. The tropical tropopause has been reviewed 
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Figure 2.5: Zonal average January 1993 potential temperature (solid contours) and 
temperature (dashed contours). The heavy solid contour (cut off at the 380 K isen-
trope is the 2-PVU potential vorticity contour), which approximates the tropopause 
outside the tropics. 1PVU = 10 m s K kg Shaded areas denote the 'lowermost 
stratosphere'. Source: Holton et al. (1995) 
The lapse rate tropopause is defined as the lowest level where the average 
lapse rate in the 2 km above does not exceed 2°C km -1 . This is not physically 
meaningful but is easily observed. It resides at a pressure between 100 and 115 
hPa in the zonal mean sense (Seidel et al., 2001) 
The temperature minimum or cold point. The minimum temperature tends 
to lie above the lapse rate tropopause in a relatively stable layer. The cold point 
tends to be lowest in altitude over the Indonesian region of the equator. The cold 
point can be seen in the dashed lines in Figure 2.5. Its pressure is around 96 hPa 
in the annual mean sense (Seidel et at., 2001). However, the tropopause is not at 
the highest altitude or at the lowest pressure where it is coldest. 
Division between radiatively and convectively controlled regions. This 
is a more physically meaningful definition and divides the stratosphere, which is 
close to radiative equilibrium, from the convective heating in the tropical tropo- 
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sphere and eddy heat transport in the extratropical troposphere. This tends to 
occur at the same altitude as the lapse rate tropopause in the extratropics, but is 
aligned with the top of the convection in the tropics (Thuburn and Craig, 2000). 
The lapse rate tropopause is 1-2 km below the temperature minimum and the 
top of the convectively adjusted region is 3 km below that. 
Isentropic surface. This surface is convenient when considering transport, as 
only diabatic motion will pass through the surface, and adiabatic motion will lie 
along this surface. The 380 K isentropic surface is located roughly in line with 
the lapse rate tropopause in the tropics and is said to divide the stratospheric 
'overworld' from the lowermost stratosphere' in the extratropics (see Figure 2.5). 
However Gettelman et al. (2001b) have shown that the lapse rate tropopause is 
not an isentropic surface, and that there is a minimum in potential temperature 
in the Northern Hemisphere west Pacific on the lapse rate tropopause. 
The 100 hPa surface. This has been used as a proxy tropopause in many 
modelling studies due to its easy availability. There is evidence to suggest that 
the tropopause is in fact higher (at 80 hPa) over the summer monsoon region 
(Highwood and Hoskins, 1998). Seidel et al. (2001) find this surface to be a poor 
surrogate for the tropical tropopause, lacking the spatial and temporal variability 
of the cold point and lapse rate tropopause heights. 
A tropopause transition zone. Radiosondes tend to show a distinct stabili-
sation of air at 130 hPa where the lapse rate tropopause can be found. Between 
this level and -' 60 hPa there seems to be great variability of wind and tempera-
ture, and above this layer purely stratospheric conditions are observed. For this 
reason, a 'tropopause transition zone' has been postulated. This will be discussed 
in more detail in Section 2.3.1. 
In the extratropics Potential Vorticity (PV) is useful for describing the tropopause, 
but not close to the equator where PV surfaces become nearly vertical. Typically 
a value of 2 PVU is used to define the extratropical tropopause. The heavy solid 
contour in Figure 2.5 denoting the extratropical stratosphere is the 2 PVU sur-
face. Effective Diffusivity is a measure of the mixing occurring in a particular 
region. Areas where there is low effective diffusivity can be considered as barrier 
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regions. Haynes and Shuckburgh (2000b) define the tropopause as a minimum 
in effective diffusivity in the extratropics. This is found to be similar to the PV 
definition in the extratropics. 
2.2.2 Variability of the tropical tropopause 
The tropical tropopause tends to exhibit annual cycles in temperature and height. 
It is cold and at a high altitude in Northern Hemisphere winter, with the lowest 
temperatures in the western Pacific (Yulaeva et al., 1994; Highwood and Hoskins, 
1998). In Northern Hemisphere summer it is also possible for there to be a high 
cold tropopause in the Asian Monsoon region, but the tropopause is generally 
warmer and lower. 
This annual cycle in both temperature and height of the tropical tropopause 
is believed to be controlled from above. Reid and Gage (1996) suggest that 
wave driving in the extratropical stratosphere (which is stronger in Northern 
Hemisphere winter (see Section 2.1.1)) forces faster tropical ascent and lowers 
the temperatures of the uppermost stratosphere, decreasing stability and allow-
ing more overshooting of convective turrets in this season. This in turn creates 
widespread cirrus anvils which incorporate stratospheric air with high potential 
temperature, thus raising the level of the tropopause. Thuburn and Craig (2000) 
also find that solar (less ozone) and dynamical (stronger Brewer-Dobson circu-
lation in tropics, stronger descent in extratropics) cooling near the tropopause 
produces a higher colder tropopause, which also gives a higher level of convective 
outflow. It is possible that zonal asymmetries in the tropopause properties are 
directly related to the large-scale convective heating occurring below (Highwood 
and Hoskins, 1998). Seidel et al. (2001) show that the tropical distribution of 
height and temperature of the tropopause do not necessarily vary together, and 
find that whereas the height of the tropopause is related to the underlying temper-
ature of the troposphere (i.e. controlled from below, for example, by convection), 
the temperature of the tropopause is related to conditions of temperature and 
pressure in the stratosphere (i.e. controlled from above, for example, the QBO). 
Randel et al. (2000) look at the interannual variability of the tropical lapse rate 
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tropopause in NCEP data and radiosondes. They note that interannual variations 
are much smaller than the annual cycle but still significant. There is a QBO signal 
in tropical tropopause temperature and pressure which is well correlated to the 
50 hPa zonal wind at the equator. QBO temperature variations at the tropical 
tropopause are of the order of +1- 0.6 K, with pressure variations of +1- 1 hPa 
(approx +1- 70 m), with a warmer lower tropopause when the QBO is westerly at 
50 hPa. This signature, which tends to be zonally symmetric, is corroborated by 
Zhou et al. (2001) using European Centre for Medium-range Weather Forecasts 
(ECMWF) reanalysis data. 
The El Niño Southern Oscillation (ENSO) signal appears as a longitudinal shift 
in tropopause temperatures, centred on the western Pacific, with an amplitude 
of +1- 2-3 K, and 4-6 hPa. The cold high part of the tropopause tends to occur 
above the area of convective activity, in phase with stratospheric temperature 
variations and out of phase with the warm sea-surface temperatures (SSTs) below 
the convective regions. This leads to a colder tropopause over the eastern Pacific 
during El Niflo events, with a dumbbell shaped anomaly to the north and south 
of the equator (Zhou et al., 2001). 
There is also a long-term negative trend in tropical tropopause temperature (-
0.57 K decade') and pressure (-0.32 hPa decade - ') over the period 1979-1997, 
suggesting a colder higher tropopause in more recent years. This is at odds 
with observations of increased lower stratospheric water vapour: If the change 
in tropopause properties was causing the change in stratospheric water vapour, 
then this would require an increase in tropopause temperature, or a much larger 
decrease in pressure (increase in height) of the tropopause at a constant tem-
perature than observed, to allow larger mixing ratios to enter the stratosphere 
(Randel et al., 2000). This cooling trend is also found in ECMWF reanalysis 
data (Zhou et al., 2001). Similar trends in temperature and pressure are seen in 
radiosonde data (Seidel et al., 2001), as well as an increase in height of around 
20 in decade'. 
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Figure 2.6: Schematic representation of the tropopa use showing the level of the cold 
point tropopause, the thermal tropopause and OLR (outgoing longwave radiation). 
The vertical resolution of the Unified Model, HALOE data, MLS data (in hPa) and 
the altitude (km) are shown in comparison. Adapted from Figure 1 of Gettelman 
et al. (2001a) 
2.2.3 Comparison of tropopause definitions 
In addition to the fact that there are several definitions of the tropical and ex-
tratropical tropopause, there are also problems with meteorological analyses and 
models due to their rather coarse resolution in the tropopause region. For exam-
pie, in the ECMWF analyses, the cold point and lapse rate tropopause both fall 
between the same two model levels most of the time (Simmons et al., 1999). Fig-
ure 2.6 shows the relative positions of the top of the convective region, the lapse 
rate and cold point tropopause and the vertical resolution of the UM and data 
(MLS and HALOE) used in this study, plus the resolution of a typical meteoro-
logical analysis (NCEP/NCAR). The saturation mixing ratio at the tropopause 
is very sensitive to the temperature in that region and many models and analyses 
do not have a good representation of tropopause temperatures. For example, an 
increase of 6 K from 195 K to 201 K at 100 hPa more than doubles the saturation 
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Figure 2.7: Schematic latitude-height diagram showing the pattern of transport and 
mixing in the troposphere and stratosphere. The thin contours show isentropes. 
Large arrows show the zonally averaged diabatic circulation and smaller wavy arrows 
show eddy transport along isentropes. The stratosphere above 400 K is divided into 
different regions by the thick black lines which represent eddy transport barriers. 
(Haynes and Shuckburgh, 2000a) - 
Figure 2.7 is a schematic representation of the zonally averaged picture of strato-
spheric transport as described so far (the Brewer-Dobson circulation, the surf 
zone and barriers to transport in the subtropics), and of STE. In preference to 
a simple division of the atmosphere into troposphere and stratosphere, the area 
around the tropopause has often been divided into three regions; the 'overworid', 
being the stratosphere above the 380K isentrope, the 'lowermost stratosphere', 
the remaining area of the extratropical stratosphere below this isentrope, and the 
area we regard as the troposphere (Holton et al., 1995). This has been convenient 
for describing the various methods of STE. Indicated on the schematic diagram 
are the two main routes for air to enter the stratosphere from the troposphere; 
that of adiabatic motion along isentropes in the mid-latitudes (troposphere to low-
ermost stratosphere) and that of diabatic ascent over the equator (troposphere to 
Pole 
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overworid). More recent studies have suggested that the transport properties are 
similar above and below the 380 K surface in the tropics, and think of this area 
as a tropopause transition layer between '--' 14-19 km (e.g. Sherwood (2000)), 
where many complex transport processes are interacting. 
We will consider the two transport processes separately as in the more traditional 
view, then consider the possibility of a 'tropopause layer'. Isentropic transport 
can be a two way process and is thought to occur when the tropopause along an 
isentrope is largely distorted latitudinally and a process known as 'tropopause 
folding' occurs, where thin filaments of stratospheric air extend into the tropo-
sphere and vice versa (Holton et al., 1995). These type of transport processes are 
considered in section 2.3.2. Water vapour values in the lowermost stratosphere 
(tens of ppmv) are higher than in the overworld. This is consistent with the fact 
that air entering the stratosphere through the extratropical tropopause will expe-
rience higher temperatures than air which crosses the tropical tropopause (Dessler 
et al., 1995). The exact method of transport from the troposphere to the strato-
sphere in the tropics is still not properly understood, but it is agreed that for 
most of the year and at some or all longitudes, mass and the chemicals therein 
contained are transported diabatically and irreversibly from the troposphere to 
the stratosphere. The idea that mass was only transported from troposphere to 
overworid in the tropics came with stratospheric measurements of water vapour. 
Brewer (1949) first noted the relative dryness of the stratosphere and 'isolation' 
from the troposphere and that if air were to rise from tropo- to strato-sphere, it 
must in some way be 'dried out'. First suggestions as to how this occurred in-
volved large scale convection reaching up into the stratosphere so that air would 
be cooled rapidly to the cool temperatures of the tropopause and water vapour 
would condense, form ice crystals and fall out, leaving the much dehydrated air to 
enter the stratosphere (Brewer, 1949). For this reason most studies of STE in the 
tropical region have focussed on how air rising through the tropical tropopause 
can be dehydrated to the concentrations which we observe in the stratosphere. 
We consider this work in the next section. 
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2.3.1 Exchange and dehydration at the tropical tropopause 
Various mechanisms have been proposed to account for the dehydration of air 
as it enters the stratosphere from below. Most of these theories assume that 
air rises quickly through the troposphere at a given latitude and longitude, and 
continues rising at a much slower rate at the same position, once it has entered 
the stratosphere. We summarise the main theories here. 
A stratospheric fountain 
Newell and Gould-Stewart (1981) proposed a theory of a stratospheric 'fountain', 
where only certain regions at certain times of the year were cold enough to con-
dense out enough water vapour to give the low concentrations observed just above 
the tropopause. These regions correspond with areas of intense convection, be-
ing in the western tropical Pacific, N. Australia, Indonesia and Malaysia in the 
November-March season, and to a lesser extent moving to the Bay of Bengal 
and India in the monsoon season (May-September). They isolated these areas 
by examining 100 hPa monthly mean temperatures. In a previous paper, Newell 
et al. had estimated zonally averaged time-mean upwelling velocities at 2x10 4 
ms' assuming uniform vertical motion, but Newell and Gould-Stewart (1981) 
suggested that values would be much larger if the upwelling were confined purely 
to the 'fountain' regions. They also indicated that radiative heating above the 
tropopause is required for ascent further into the stratosphere. There remains 
some debate as to whether the 'fountain' theory is necessary, mainly due to the 
paucity of data available in this region to accurately assess the temperature and 
water vapour distribution (Dessler, 1998; Vömel and Oltmans, 1999). 
Non-local control 
Other recent publications indicate that upwelling into the stratosphere may be 
largely independent of local processes (moist convection and cumulonimbus tur-
rets extending into the stratosphere) and more a product of non-local extratrop-
ical pumping. Holton et al. (1995) deduce that this would lead to twice as much 
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upwelling during the Northern Hemisphere winter as the Northern Hemisphere 
summer, and that this mass flux is uniformly distributed between 15 1N and 15° S. 
Yulaeva et al. (1994) also argue that the annual cycle in lower stratospheric tem-
peratures (and the vertical motion by implication) is not due to the annual cycle 
of convective activity or SSTs but more likely due to the interhemispheric differ-
ence in Rossby wave activity (therefore implying an annual cycle in driving force 
of the extratropical pump). Boering et al. (1995) use data recorded on flights 
during the Stratospheric Photochemistry, Aerosols and Dynamics campaign. In 
order to produce CO 2 :H 2 0 correlations observed, they argue that the mass flux 
into the stratosphere must be significant in both Northern Hemisphere winter and 
summer. They also suggest that the phase relationships of CO 2 and H2 0 show 
that air continuously enters the stratosphere. A similar pattern of exchange rate 
and timing is also deduced from observations of water vapour (Mote et al., 1996). 
These theories suggest that the exchange at the tropical tropopause is primarily 
controlled from above. 
Convective overshoots 
The Stratosphere-Troposphere Exchange Project, an aircraft measurement cam-
paign, was carried out during January and February of 1987 in northern Australia 
(in the stratospheric fountain / cold trap region) in order to gain more informa-
tion on exchange from troposphere to stratosphere, in particular the exchange and 
dehydration associated with tropical cirrus and cumulonimbus clouds. Danielsen 
(1993) measured in-situ temperature, water vapour and total water. He concluded 
that there were two environments important in the transport and dehydration of 
air at the tropopause; Firstly the continental-marine environment where dry air 
had been advected over the moist warm ocean. (This left a large potential for 
buoyancy and convective cloud turrets could overshoot the tropopause, entrain 
with some warmer stratospheric air, then return to their new equilibrium position 
which would be higher than the tropopause). Secondly he found that there was 
slow ascent above tropical cyclones (marine rotating air); This tended to raise the 
tropopause which produces a large stable layer above the clouds, thus resisting 
penetration. Turrets were then less likely. The rapid transport in cloud turrets 
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is also confirmed by radon measurements of Kritz et al. (1993) which show that 
the dry air was also recently in contact with the tropospheric boundary layer. 
Teitelbaum et al. (2000) suggest a further mechanism for the existence of a local 
hygropause with very low mixing ratio; In areas of intense convection (the west 
Pacific during Northern Hemisphere winter) the tropopause is eroded and sharp-
ened, causing it to be cooled and lifted. As a result the tropopause is locally 
cooler and higher than surrounding areas, and the hygropause is formed at the 
same level. Once convection weakens, however, or the dry layer has been horizon-
tally advected into a non-convective region, radiation warms the upward-displaced 
tropopause layer, which restores the temperature minimum to a lower altitude 
without subsidence. This means that the water vapour profile is unaffected, and 
leaves the hygropause above the cold-point tropopause. This convection tends to 
be most intense during December when a colder higher tropopause is observed. 
Wave-induced cooling 
Potter and Holton (1995) suggested a mechanism where buoyancy waves gener-
ated by convection would induce cooling and the formation of thin ice clouds 
in the lower stratosphere upwind of the convection. The subsequent fallout of 
these ice particles is the mechanism for maintaining the observed water vapour 
minimum. It is only necessary that the waves cross the tropopause (and not the 
convection) for the dryness to be achieved. 
2.3.2 Isentropic exchange between tropical troposphere 
and extratropical lowermost stratosphere 
The traditional picture of the tropopause is that air parcels are normally pre-
vented from crossing the mid-latitude tropopause on isentropes by the large po-
tential vorticity gradients found there, but synoptic scale waves can transport 
low potential vorticity material from the tropical troposphere to the mid-latitude 
stratosphere, and vice versa, by means of wave breaking. Air which crosses the 
tropopause to the lowermost stratosphere has not experienced the cold temper- 
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atures of the tropical tropopause and therefore much moister air (tens of ppmv) 
can enter the lowermost part of the stratosphere (Dessler et al., 1995). 
One of the first modelling studies to consider isentropic exchange of mass across 
the tropopause was conducted by Chen (1995) using ECMWF winds and a semi-
Lagrangian transport model. Below .--' 330 K, they found that there was much 
exchange between tropics and extratropics in both hemispheres throughout the 
year, most likely due to breaking synoptic-scale baroclinic disturbances. However, 
above this level, a strong annual cycle was found in the mass exchange, with much 
more exchange occurring during summer of both hemispheres, particularly so in 
the Northern Hemisphere. They postulated that this active exchange in the sum-
mer hemisphere was due to the weaker subtropical jet at this time of year, as 
well as transport associated with monsoon circulations (Asia and Mexico in the 
Northern Hemisphere summer and Australia and South America in the Southern 
Hemisphere summer). The monsoon anticyclones in the upper troposphere all 
tend to have poleward motion to their west sides, equatorward to the east. The 
Asian monsoon anticyclone is predominant. The Asian and Mexican monsoons in 
the Northern Hemisphere occur further poleward and are therefore placed nearer 
(meridionally) to the tropopause than their Southern Hemisphere counterparts 
(Dunkerton, 1995). A more recent study by Haynes and Shuckburgh (2000b) us-
ing a contour advection technique with ECMWF winds considers the tropopause 
as a barrier of variable strength in time and space. In agreement with the study 
of Chen (1995) they find that these barriers are weaker in the summer hemi-
sphere, particularly the Northern Hemisphere summer, again probably due to 
the monsoon anticyclone allowing interaction between tropical and extratropical 
air. They also note that the Southern Hemisphere barrier is in general stronger, 
probably due to the stronger subtropical jet, as well as the smaller influence of 
the monsoon circulations in this hemisphere. 
Dethof et al. (1999) suggest that the Northern Hemisphere extratropics around 
350 K can be moistened by this interaction of tropical and extratropical air around 
the monsoon circulation. The air at this level in the monsoon is very moist due 
to the large amounts of convection and not having reached the very cold temper-
atures of the tropical tropopause yet. They suggest that extratropical cyclones 
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can interact with the monsoon anticyclone, pulling filaments of (moist) air off its 
poleward-eastern flank, and provide observations from ECMWF analyses to show 
that this is indeed occurring in the Asian monsoon. Back trajectories suggested 
that moist air over Siberia had originated from the Asian monsoon anticyclone 
on time-scales of less than a week. 
Again using ECMWF data, Postel and Hitchman (1999) present a climatology 
of Rossby wave breaking on the 350 K isentrope. They find that breaking events 
occur much more often in summer, downwind (to the east) of monsoon anticy-
clones, in both the Northern and Southern Hemispheres where the subtropical 
jet weakens. The breaking events tend to be centred 300 N and S. In the 
Northern Hemisphere summer an area in the central Pacific downwind of the 
Asian monsoon tends to be stronger than the one in the Atlantic (downwind of 
the Mexican monsoon). In the Southern Hemisphere during summer the most 
intense area appears to be in the southern Atlantic downwind (to the east) of the 
South American monsoon. Trajectory studies showed 20-25 % of air in the break-
ing regions originated from the centre of the monsoon anticyclone, on time-scales 
of only a few days. These breaking events will mix tropical and subtropical air, 
but there is no suggestion as to whether this will be in even amounts or whether 
the main transport will be from troposphere to stratosphere or vice versa. 
Observations of water vapour (12-24 ppmv) during May in the northern extrat-
ropical stratosphere at 120° W (the eastern Pacific) are consistent with air which 
has entered this region (from the tropics) isentropically at '-'-' 355 K (Hintsa et al., 
1998). This is confirmed by correlations with other trace species and tempera-
tures. Small scale wave activity or horizontal turbulence were noted as possible 
mechanisms for the exchange in this case. We can see that this tropospheric 
air in the extratropics lies just downwind (to the east) of the main Rossby wave 
breaking area noted by Postel and Hitchman (1999). Tracer observations over 
New Mexico (34° N and 105° W) made during September at the end of summer 
in the Northern Hemisphere lowermost stratosphere showed air of tropical origin 
(Ray et al., 1999). Back trajectories indicated that this tropical air had also come 
originally from the Asian monsoon region on a time-scale of two to three weeks. 
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Figure 2.8: Schematic longitude-latitude representation of the meridional transport 
in the lowest part of the overworld during Northern Hemisphere winter. Solid arrows 
express transport and dashed arrows the mean flow. Shaded parts represent high PV 
gradients. Plot from Horinouchi et al. (2000) 
A modelling study with the Community Climate Model 3 (CCM3) (Horinouchi 
et al., 2000) shows that in the summer hemisphere large tongues of air propagate 
into the tropics from extratropics in the Southern Hemisphere on the east side of 
the monsoon anticyclones. This is in agreement with the studies mentioned above. 
They find that the main areas of exchange are northward (to the troposphere), 
to the east of the Australian monsoon (over the Pacific) and southward (to the 
lowermost stratosphere) to the west of the South American monsoon (in the east 
pacific). These transport routes are indicated in a schematic diagram by the solid 
arrows (Figure 2.8). 
We have not yet considered the possibility that this moist air could be entering the 
lowermost stratosphere from above, in large-scale descent (mainly associated with 
the Brewer-Dobson circulation). Ray et al. (1999) confirm that in September (at 
the end of the summer) most of the air in the extratropical lowermost stratosphere 
has been transported isentropically from the tropics. However, measurements in 
May (at the end of the winter where the Brewer-Dobson circulation has been 
stronger and the stratospheric pump' has been forcing more large-scale descent 
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originates mainly from the overlying stratosphere through large-scale descent. 
So far we have only considered the summer hemisphere barrier in detail. A few 
authors have also considered the stronger winter tropopause barrier, and the geo-
graphical locations where it may have 'gaps'. Horinouchi et al. (2000) focuses on 
transport during Northern Hemisphere winter. They isolate two 'westerly ducts', 
regions where the equatorial winds are westerly, mainly in association with the 
underlying Walker circulation. These ducts are situated in the east Pacific and 
Atlantic allowing Rossby waves from the Northern (winter) Hemisphere to prop-
agate deep into tropics and break there, mixing tropospheric and lower strato-
spheric air. Other regions also are favourable for Rossby wave breaking, and the 
main routes for transport of tropospheric air into the lowermost stratosphere are 
indicated as from the eastern Pacific north-east over Mexico and from the Atlantic 
north-east over Africa. The main transport routes out of the lowermost strato-
sphere are found to be over the central Pacific and the Atlantic. These transport 
routes are also indicated on the schematic diagram (Figure 2.8). Vaughan and 
Timmis (1998) observed low ozone (tropospheric) air in the stratosphere between 
360 and 380 K in ozonesondes over Europe in January. Their back-trajectory 
calculations suggested the low ozone air was drawn out in a streamer from the 
tropics north-east over North America as the jet stream turned north. This ap-
pears to be at the same position as the preferred transport route suggested by 
Horinouchi et al. (2000). 
2.3.3 A tropopause layer? 
Doherty et al. (1984) looked for signs of radiative heating above the tropopause 
and indicated that the presence of ozone-poor air from lower levels and cirrus 
anvils formed over the fountain regions may both reduce the zonally averaged 
lower stratospheric heating rates and induce subsidence, but noted that the anvil 
clouds may gain energy radiatively and therefore ascend to higher isentropes. 
They deduced that these processes may lead to vertical convergence and there-
fore horizontal divergence, and that subsequent upward motion may occur after 
the air has been transported north and south. Sherwood (2000) finds downward 
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motion over the Indonesian continent between 150 and 50 hPa during the peak 
convective season from his analysis of wind data. He postulates that there exists a 
tropopause layer between these heights where convective turrets overshoot their 
neutral buoyancy position (at around 150 hPa) becoming colder than the sur-
roundings and which then sink and are irreversibly mixed into this layer. There 
must be compensating ascent elsewhere in the tropics. This theory is further 
explained in Sherwood and Dessler (2000). Rosenlof et al. (1997) also talk of 
a 'tropically controlled transition region' between 100 and 60 hPa (380-450 K) 
which is not solely under the non-local control but which is stirred by motion in-
duced by tropospheric weather systems, and Thuburn (personal communication) 
also talks of a 'tropical sub-stratosphere' extending from 150 hPa to the cold point 
tropopause whose temperature structure is determined by complex interactions 
between radiation (from above), convection (from below) and the large-scale cir-
culation. Tuck et al. (1997) are of the opinion that the forcing by meteorological 
(tropospheric) processes is essential in understanding the structure of the lower 
stratosphere up to 21 km 40 hPa) both in the tropics and the extratropics. 
Holton and Gettelman (2001) have very recently suggested that horizontal mo-
tions close to the tropopause are very important in dehydrating air which enters 
the stratosphere. They show that the 'cold trap' in the western Pacific is bounded 
to the north and south by anticyclones during Northern Hemisphere winter, where 
winds are largely westward at the equator. They suggest that air rising in the 
tropics does not get a 'once-only' chance of being dehydrated as it ascends ver -
tically across the temperature minimum, but that air which rises at any tropical 
latitude or longitude can be advected horizontally and eventually be processed in 
the cold trap region. This is also more easily though of as a 'layer' where these 
processes and the horizontal motion are taking place. 
Other authors have suggested that tropospheric motions are still evident in the 
lower stratosphere. For example, Dunkerton (1995) notes that the summer mon-
soon anticyclones are evident in the stratosphere up to 50 hPa, although they die 
away with height. Horinouchi et al. (2000) finds that the synoptic scale Rossby 
waves dominate the Kinetic Energy perturbations up to the same height, and 
Gettelman et al. (2001a) find that the ENSO signal is still evident up to 80 
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hPa. Similar transport processes are also found above and below the tropopause: 
Haynes and Shuckburgh (2000b) find that their tropopause barrier has similar 
characteristics from around 350 to 450 K. The same can be said of the transport 
routes noted by Horinouchi et al. (2000). Exchange of material below the tropical 
tropopause (340 to 360 K) (Chen, 1995) was found to be similar to that occurring 
above it (Chen et al., 1994). 
The exchange of mass from troposphere to stratosphere and back, as well as the 
exact process (or processes) by which dehydration occurs is (are) still unclear, 
but it is likely that there is a complex interaction of several of these mechanisms 
operating in what we will term the tropical tropopause layer 14-18 km). It 
is likely that both the vertical processes which imply dehydration as well as the 
horizontal transport processes we have examined are important in shaping the 
trace gas distributions which we see (See the next section). We will look at 
the representation of this layer and the processes occurring within it in a global 
circulation model, in order to gain further insight into which, if any, of these 
processes are contributing to STE (See Chapter 7). 
2.3.4 Observed and modelled STE 
Various attempts have been made to study global scale STE, its spatial variation 
and its annual and interannual variability, both from satellite observations and 
with models. Jackson et al. (1998) look at HALOE water vapour data in different 
seasons to assess the different STE properties in each, and Simmons et al. (1999) 
use the ECMWF models. A comprehensive review of water vapour observations 
in the upper troposphere and stratosphere can be found in Kley et al. (2000). 
Figure 2.9 shows the HALOE water vapour fields for DJF and JJA at 100 hPa. 
Lowest water vapour mixing ratios are seen in DJF with the minimum of 2.2 ppmv 
located over the Indonesian region. In JJA there is a maximum of almost 6 ppmv 
located over Asia which is linked to strong tropospheric convection in the Asian 
Monsoon. The minimum in this season is 3.2 ppmv. Rosenlof et al. (1997) show 
from HALOE observations that the Northern Hemisphere lower stratosphere is 
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Figure 2.9: Longitude-latitude maps of HALOE water vapour mixing ratio at 100 hPa 
for left: DJF 1992-1996 mean (H 2 0 mm. 2.2 ppmv) and right: JJA 1993-1996 mean 
(H 2 0 mm. 3.2 ppmv). The contour interval is 0.4 ppmv, and values less than 3.2 
ppmv are shaded. Darker shading represents values less than 2.4 ppmv. The blank 
areas are not sampled by HALOE. Source: Jackson et al. (1998) 
attribute this to the fact that the moist air enters the stratosphere in the Northern 
Hemisphere and that there is stronger descent in Northern Hemisphere winter, 
bringing down moist old air from above. 
With the HALOE data in DJF the lowest water vapour values are located near 
Indonesia (0-10°N), where low temperatures and supersaturation suggest that 
convection and dehydration are occurring. This is thought to be the main source 
region for this dry air. Low water vapour values appear to the west of the temper-
ature minimum, suggesting some westward advection on an isentrope. With the 
ECMWF models they find the lowest temperatures at 90 hPa over the western 
Pacific, in line with mean ascent, deep convection and high SSTs, and conclude 
that the drying is due to convective overshooting rather than condensing large-
scale ascent. However, Clark et al. (2001) look at MLS water vapour at 68 hPa 
and suggest that although the area near Indonesia is where they first observe dry 
air at this altitude, air appears at 68 hPa from below over a much wider longitude 
range reaching as far as Panama. 
In ECMWF models the tropopause minimum temperatures in July are warmer 
than in January, and occur at the lower altitude of 110 hPa, where there is 
also mean ascent. However, the ascent is strongest over south-east Asia and to 
the east into the Northern Hemisphere subtropical western Pacific (related to 
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the summer monsoon). There is also mean ascent over Central America where 
the tropopause is warmest. High water vapour over Asia in JJA at 128 hPa in 
the HALOE data is also seen at 100 and 83 hPa and appears to be caused by 
strong convection associated with the Asian monsoon. There appears to be cross-
isentropic transport at 300  N; relative humidity is low and it appears that there 
is no dehydration mechanism here, but that the monsoon appears to hydrate the 
stratosphere. 
Both Simmons et al. (1999) and Gettelman et al. (2001a) note that the temper-
ature and humidity minima at the tropopause tend to shift to the east during El 
Niño conditions, as the convection in the troposphere follows the warmer sea sur-
face temperatures. They also note that water vapour in the upper troposphere is 
a maximum in the areas of convective activity, but in the tropopause region it is a 
minimum over these same areas. Simmons et al. (1999), however, find this to be 
true only during DJF and MAM. In a modelling study Gettelman et al. (2000b) 
conclude that physical processes like convection must be important in determin-
ing the water vapour structure at 150 hPa, at least in their model. However at 
odds with this, Dessler and Sherwood (2000) find that it is only necessary to 
have a realistic large-scale circulation and temperature distribution to correctly 
model the upper tropospheric (215 and 146 hPa) water vapour distribution, and 
that convective mass flux is unimportant. Gettelman et al. (2001b) show that 
there is a correlation between low temperatures and deep convection and that 
this convective activity rarely penetrates the tropopause where the tropopause 
temperature is greater than 200 K. They also conclude that the deep convection 
is rare, clouds penetrate the tropopause less than 2 % of the time in convectively 
active regions, and generally don't extend more than 2 km above the tropopause. 
They suggest that the amount of air entering from below by this method would 
be sufficient to ventilate the tropopause region, but not sufficient to supply all 
the mass which is observed to enter the stratosphere. 
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2.4 Chemistry 
2.4.1 Water vapour and methane 
Water vapour (11 2 0) has a high mixing ratio in the troposphere and a low mixing 
ratio in the lower stratosphere due to it being freeze-dried as it passes the cold 
tropical tropopause. In the lower stratosphere it is long lived and a useful tracer 
of transport. It is also the principal source of the hydroxyl (OH) radical to the 
stratosphere (Brasseur and Solomon, 1984), a species which is very important in 
many aspects of stratospheric photochemistry. 
Smith et al. (2000) suggest that the increase in stratospheric water vapour is 
due to an increase in upper tropospheric water vapour in Northern Hemisphere 
autumn possibly associated with an increase in extremity of the Asian monsoon. 
Methane (CH4 ) is produced by biotic activity near the ground, and is transported 
to the stratosphere in the tropics. It is chemically destroyed by oxidation above 
35 km. Below about 40 km its photochemical lifetime is long (more than 100 
days) so its distribution is determined in the main by the circulation in the lower 
stratosphere (Randel et al., 1999). 
The distributions of H 2 O and CH4 in the stratosphere are closely linked since the 
main source of 1120 in the stratosphere is from the oxidation of methane. This 
process occurs via a series of reactions which can be summarised as 
CH4 + 302 + hv - 21120+ CO + 0 3 
which produces two molecules of 1120 for one of CH 4 . The quantity D = 1120 + 
2CH4 is approximately conserved in the stratosphere and as such has proved to 
be a useful tracer of atmospheric transport (e.g. Randel et al. (1999)). 
2.4.2 Aircraft emissions 
It is useful to study emissions of aircraft since they inject known quantities of 
given species into the stratosphere at given locations. Observations and modelling 
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studies of these emissions can help us to understand more information about the 
dynamics and chemistry of the lower stratosphere. It is likely that emissions of the 
current fleet of subsonic aircraft have already induced changes in the composition 
of the troposphere and stratosphere WMO (1991). Recent plans to introduce a 
fleet of supersonic aircraft have prompted studies to assess their potential impact. 
Subsonic and supersonic aircraft engines emit the following into the atmosphere; 
NO (= NO + NO2 ), water vapour, unburned hydrocarbons, CO, CO 2 , and 
SO2. It is thought that emission of NO and NO 2 will decrease ozone in the 
lower stratosphere and increase it in the upper troposphere (See section 2.4.3). 
Soot particles and water vapour may lead to additional formation of sulphate 
aerosol and PSCs (WMO, 1991). However, indirect effects of aerosol abundance 
and composition are still not fully understood (NASA, 1997), and need to be 
addressed in future studies. 
2.4.3 Nitrogen oxides and ozone 
We will consider in section 3.4.2 the emission of nitrogen oxides (NO,,) from air-
craft and the effect that they have on the composition of the stratosphere, par-
ticularly the perturbation to the ozone field. This section explains the reactions 
which occur with NO and their effect upon ozone. 
In the stratosphere, NO destroys ozone via the catalytic cycle: 
NO +03 —*NO2 +02 
NO2 +0 NO +02 
03 +0 —2O2 
Thus the net effect is the destruction of ozone and the production of oxygen. See 
Johnston (1971) for further explanation. 
However, in the troposphere ozone can be produced by photolysis of NO 2 by the 
following reactions: 
NO 2 +hv 	— NO+O 
0 + 02 + M - 03 + M 
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where hv is a photon and M is any third molecule, usually nitrogen (N 2 ) or 
oxygen (02). The NO2 can then be regenerated in further reactions and is then 
able to continue producing ozone. Further information can be found in Hidalgo 
and Crutzen (1977). 
Thus in the stratosphere, aircraft emissions of NO are ozone destroyers, but at 
lower altitudes in the troposphere, NO emissions are ozone producers. 
2.5 Summary 
In this section we have explored the dynamics of the middle atmosphere and the 
transport of mass and trace constituents which ensues. In particular the following 
points have been highlighted: 
• The meridional circulations in the middle stratosphere are wave-driven and 
involve the vertical propagation of Rossby and gravity waves from the tro-
posphere to the middle atmosphere, where they break at various heights 
and provide a force on the mean flow. The sources of these waves and the 
distribution of the forcing and its variability are still uncertain and are the 
subject of current research. 
The tropical stratosphere appears to be relatively well isolated from the ex- 
tratropics and there is a semi-permeable barrier to mixing either side of this 
tropical pipe whose strength and position vary seasonally and interannually. 
• The tropical tropopause is not uniquely defined and the separate definitions 
tend not to agree in either time or space. Recently a 'tropical tropopause 
layer' has been proposed, similar to an entrainment layer at the top of 
the planetary boundary layer, where the atmosphere below this layer has 
purely tropospheric properties, and that above purely stratospheric, whilst 
the intermediate layer is a combination of the two. 
• The tropical tropopause exhibits an annual cycle with a colder higher 
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and height also appear to be modulated by the QBO and there is a negative 
trend in tropopause temperature and pressure suggesting a colder higher 
tropopause in more recent years. 
• Trace gases and mass enter the stratosphere from the troposphere in the 
tropics throughout the year. The variability of this process both in time and 
space is still uncertain. Water vapour proves to be a useful tracer to study 
this process since it is 'freeze-dried' at the tropical tropopause. However, the 
exact method or methods of this freeze drying are still subject to discussion. 
• Isentropic transport across the subtropical tropopause is enhanced in sum-
mer and more prominent in the Northern Hemisphere. The summer ex-
change is closely related to the monsoon anticyclones which dominate the 
north-south transport in these months. Exchange in the winter hemisphere 
is more likely related to breaking Rossby waves which can propagate into 
the tropics in westerly ducts. The exchange from tropics to extratropics at 





It is likely that emissions of the current fleet of subsonic aircraft have already 
induced changes in the composition of the troposphere and stratosphere (WMO, 
1991). Projections to 2015 estimate that aircraft emissions of nitric oxide (NO) 
and nitrogen dioxide (NO 2 ) will be 90 % higher than in 1990, increasing their 
effects on the ozone budget and the radiative forcing of the upper troposphere 
and lower stratosphere by large amounts, so that by the year 2015 aircraft effects 
will be larger than the individual effects of any surface sources of these gases 
(road traffic, industrial combustion and electricity generation) (Valks and Velders, 
1999). Recent plans to introduce a fleet of supersonic aircraft have raised concerns 
since they will deposit their emissions directly into the stratosphere around 20 
km, a region of the atmosphere which is thought to be much more sensitive to 
emissions and where chemical lifetimes of the gases are longer. 
Aircraft are expected to introduce a positive radiative forcing mainly due to 
the accumulation of water vapour (H 2 0) in the stratosphere. If the increasing 
NO (=NO + NO2 ) emissions from supersonic aircraft decrease the ozone (0 3 ) 
column then there will be an increase in solar UV-13 reaching the ground. Sub-
sonic aircraft tend to have the opposite effect (by increasing upper tropospheric 
03 ) although the overall effect tends to be negative. Observations of ozone (Hol-
landsworth et al., 1995; McPeters et al., 1996a) show a significant downward trend 
in the middle latitudes in the Northern Hemisphere, with most of the ozone de- 
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pletion occurring in the lower stratosphere between February and April. There 
is a need to look at the possible role of increasing aircraft emissions in producing 
a decrease in ozone in this region. 
In this chapter we use a two-dimensional model to look at the transport and 
chemistry of air pollutants from future supersonic aircraft and the potential ef-
fect they will have on stratospheric composition. This work was carried out as 
part of an Inter-governmental Panel on Climate Change (IPCC) report concern-
ing the impact of aviation on the global climate (Penner et al., 1999). Since only 
the longest zonal planetary-scale waves can propagate into much of the strato-
sphere, and some observations of trace gases show fields which are almost zonally 
symmetric, the modelling community has tended to use two-dimensional (21)), 
or zonal mean, models of the stratosphere. This has many advantages in that 
a 2D model requires much less computing power than calculating three dimen-
sions, which allows time for many realisations of the model to be completed. It 
is also possible to couple a zonal mean chemistry scheme to these models and 
in the case of the THIN-AIR model, include interaction between this chemistry 
and the dynamics via the radiation scheme. However, calculation of zonal mean 
reaction rates is not easy since some reactions are highly temperature-dependent 
or daylight-dependent. Assumptions also need to be made about zonal mean 
transport and we will consider this point in more detail. 
Section 3.1 describes the 2D model (THIN-AIR) used for this study. The fol-
lowing section describes the emissions of supersonic aircraft and explains how we 
go about modelling these emissions and their effects. Section 3.3 describes the 
predicted concentrations of various trace gases and aerosol in 2015 and illustrates 
the background 2015 atmosphere produced in our model without the effects of 
supersonic aircraft. It also shows the internal variability of the model in this case. 
We continue to look at how the supersonic aircraft will affect the composition of 
the 2015 atmosphere in section 3.4 and compare our results to those of other mod-
elling studies. The next section considers the magnitude of these perturbations 
relative to those of volcanic eruptions, one of the natural phenomena which con-
tribute to change in stratospheric composition. The work of this chapter is then 
summarised and we consider the advantages and limitations to two-dimensional 
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modelling of the atmosphere. 
3.1 THIN-AIR Model 
The 2D interactive radiative-chemical-dynamical THIN-AIR model was used for 
these sensitivity studies, and is described fully by Kinnersley (1996). The model 
extends from the ground to 100 km using an isentropic coordinate in the vertical 
with a resolution of around 3.5 km, and a horizontal resolution of around 9 
degrees of latitude. The dynamical part of the model is truncated at zonal wave 
number three and the chemistry and radiation parts are both zonally averaged 
(i.e. two-dimensional), thus saving huge amounts of computer resources over a 
three-dimensional model, but still allowing interaction between the large scale 
planetary waves and the zonal mean flow. The three longest planetary waves are 
forced at 100 hPa by daily observed geopotential height. This forcing is annually 
periodic, using data from July 1980 to June 1991. 
The chemistry model only extends up to 60 km based on Pyle (1980), but the 
principle homogeneous catalytic cycles are included. All photochemical rate co-
efficients have been updated to be consistent with DeMore et al. (1997). There 
is a simple polar stratospheric cloud (PSC) parameterization which is switched 
on when the temperature drops below 195 K, including the following reactions: 
N205 + 	H2 0(condensed) -+ 2HN0 
C1ONO 2 + 	H2 0(condensed) -* HNO 	+ HOC! 
C1ONO2 + 	HC1(condensed) -+ 	HNO3 + 	C12 
N205 + 	HC1(condensed) -* HNO3 	+ 	C1NO2 
Heterogeneous reactions on sulphate aerosols are included, but only the first two 
reactions above are included in this case. 
Transport of the zonal mean chemical fields involves the solution of the zonal mean 
mass continuity equation. Transport is affected by the zonal mean wind and the 
eddy diffusion flux (which simulates the effects of zonally asymmetric motions). 
There are typically large values of the horizontal eddy diffusion coefficient (K) 
in the stratosphere of a 2D model to simulate the rapid mixing in this region. 
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In the THIN-AIR model this diffusion coefficient is deduced by comparing the 
explicitly calculated potential vorticity (PV) flux with the latitudinal gradient of 
zonal mean PV. This tends to produce large K u,, in regions where there is a lot of 
wave breaking (in the westerlies of the winter hemisphere stratosphere and below 
the easterlies of the summer hemisphere). 
3.2 Emissions from supersonic aircraft 
As stated in section 2.4.2, subsonic and supersonic aircraft engines emit the fol-
lowing into the atmosphere; NO (= NO + NO 2 ), H2 0, unburned hydrocarbons 
(HCs), carbon monoxide (CO), carbon dioxide (CO 2 ), and sulphur dioxide (SO 2 ). 
Aircraft fly in narrow regions of the atmosphere, or 'corridors', but the effects 
of their emissions can propagate over a much wider fraction of the troposphere 
and stratosphere. Previous studies have found the potential impact of a super-
sonic fleet on stratospheric ozone levels to be small (< 1 %), if engines with NO 
Emission Indices (Els) of 3 to 8 grams of NO 2 per kilogram of fuel can be built 
(WMO/UNEP, 1995). 
The predominant gas produced by an aircraft engine is carbon dioxide (CO 2 ) 
at a rate of 3.15 kg CO 2 (kg Fuel) 1 , but since there is such a large abundance 
Of CO 2 present in the atmosphere this output does not significantly perturb the 
background amount. This is also not an important gas chemically and the output 
Of CO 2 is not likely to affect ozone chemistry although it may contribute to warm-
ing of the troposphere or/ and cooling of the middle atmosphere. Water vapour 
(H2 0) is produced at a rate of 1.23 kg H 2 O (kg Fuel) - ' which does not signifi-
cantly affect the large tropospheric values but gives a significant increase to lower 
stratospheric H 2 0. Nitrogen oxides (NO r ) which are produced at a rate of 5 
25 g NO2 (kg Fuel) - ' are, however, significant in increasing the background NO 
levels. It is also very active in ozone photochemistry and leads to the destruction 
of ozone in the stratosphere. It is thought that emission of NO and NO 2 will 
decrease ozone in the stratosphere but increase it in the upper troposphere and 
near-tropopause regions. Carbon monoxide (CO) is created at a rate of 1-2 g 
CO (kg Fuel)', but there are large natural sources of CO and this amount is not 
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a significant factor in increasing CO. Sulphur Dioxide (SO2) and unburned 
Hydrocarbons (HCs) are also generated at a rate of 1 g (kg Fuel) - ', and they 
have a potential impact through the formation of sulphate aerosol which can act 
as sites for heterogeneous chemistry to take place. Modelling studies show that 
the conversion of SO 2 into particulates in the aircraft plume perturbs the strato-
spheric aerosol density much more than gas phase emission of the same amount 
Of SO 2 (Weisenstein et al., 1998). Soot particles and water vapour may lead to 
additional formation of sulphate aerosol and polar stratospheric clouds (WMO, 
1991). However, indirect effects of aerosol abundance and composition are still 
not fully understood (NASA, 1997), and need to be addressed in future studies. 
Rahmes et al. (1998) show that the radiative forcing due to soot particles emitted 
from supersonic aircraft in 2015 is negligible compared to other forcings. 
Emissions into the troposphere and stratosphere are likely to have differing effects 
with the tendency for ozone increase in the upper troposphere and ozone decrease 
in the stratosphere. Therefore emissions from subsonic aircraft tend mainly to 
increase ozone (mainly due to the NO emissions) and decrease methane (as 
a result of an increase in hydroxyl (OH) due to NO emissions) in the upper 
troposphere around their cruise height of 10-12 km. This occurs especially in 
northern middle to high latitudes. Supersonic aircraft on the other hand would 
tend to decrease stratospheric ozone. 
3.2.1 Modelling effect of emissions 
The following species are emitted into the model atmosphere by the supersonic 
fleet: H 20, NOT , CO, and unburned HCs. These are assumed to be instanta-
neously mixed into the gridbox in which they are emitted. Table 3.1 shows the 
amounts of these gases which are emitted by 500 craft with NO El of 5 at the 
cruise height. Sulphur dioxide (SO 2 ) is also included in the form of additional 
sulphate aerosol density. 
The amount of each of these gases emitted is calculated from the projected fuel 
consumption using the production rates which were discussed above. Figure 3.1 
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Species Amount Emitted 
H20 3.5 x 107 kg day' 
NO 1.4 x 105 kg day' 
HC 8.4 x 10 3 kg day- I 
CO 8.3 x io kg day' 
Table 3.1: The projected magnitude of projected emissions of 500 supersonic aircraft 
at normal cruise height with NO Emission Index of 5 g NO 2 (kg Fuel) - ', based on 
work of Baughcum and Henderson (1998) 
and 12 km, which is due to the projected fleet of subsonic craft flying in 2015, 
and above this, a smaller area around 18-20 km which is due to the additional 500 
supersonic craft. The primary effect of these emissions from supersonic aircraft 
is likely to be the catalytic destruction of ozone by the NO T , although the other 
species will introduce complicated feedback effects. 
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Figure 3.1: The latitude-height distribution of fuel emissions (106  kg day- ') up to 
30 km by the projected subsonic fleet flying around 10-12 km plus 500 supersonic 
aircraft flying at 18-20 km, based on work of Baughcum and Henderson (1998) 
The technology of commercially viable supersonic aircraft is not yet well-defined 
and there remain large uncertainties as to the exact emissions of these craft. We 
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therefore run several scenarios based on Baughcum and Henderson (1998). The 
basic fleet of 500 craft has a NO El of 5, and flies at an altitude of 18-20 km. 
The scenarios involve variations of the following: 
• Supersonic fleet size (500 or 1000 craft) 
• NO Emision Index (5, 10 or 15 g NO 2 (kg Fuel)') 
• Cruise Height (Low at 16-18 km, Normal at 18-20 km or High at 20-22 km) 
• Background aerosol density (Normal and four times normal to represent 
volcanic conditions) 
• Sulphur Dioxide (The addition to the background aerosol density by gas- 
to-particle conversion of 0, 50 and 100 % of the SO 2 which is emitted) 
Each scenario was run for 20 years which allowed a 'steady state' to be reached. 
We used the suggested background atmosphere which is described in the following 
section and allowed the aircraft emissions to vary in each scenario as indicated 
above. 
3.3 The background 2015 atmosphere 
The background atmosphere for 2015 used in this study is based on the IPCC 
IS92a scenario (WMO/UNEP, 1992, 1995). Table 3.2 shows the surface concen-
trations of several long-lived gases in 1992 and 2015. The 2015 values of these 
gases were used in our model runs. It is also assumed that the background 2015 
atmosphere is 'volcanically clean' (it contains a level of aerosol which are present 
between volcanically active periods), and includes the projected fleet of subsonic 
aircraft. 
We include sulphate aerosol as they are thought to provide sites where hetero-
geneous chemical reactions can take place. The background sulphate aerosol 
density (Figure 3.2) is that given in WMO (1991). There is a large layer of sul-
phate aerosol between 12 and 30 km, with the maximum densities occurring in 
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Species Formula 1992 J 2015 
Carbon dioxide CO2 (ppmv) 356 405 
Methane CH4 (ppbv) 1714 2052 
Nitrous Oxide N2 0 (ppbv) 311 333 
Tetrachioromethane CC14 (pptv) 132 70 
Methyl bromide CH3 13r (pptv) 10 10 
Methyl chloride CH3 C1 (pptv) 600 600 
Methyl chloroform CH3 CC!3 (pptv) 135 3 
CFC-11 CFC13 (pptv) 268 220 
CFC-12 CF202 (pptv) 503 470 
CFC-113 CF2 C1.CF2CI (pptv) 82 80 
Halon-1211 CF2C1Br (pptv) 2 1.1 
Halon-1301 CF3 13r (pptv) 3 1.4 
Table 3.2: Background surface concentrations of long-lived trace gases in 1992 and 
2015 as defined for the IPCC lS92a scenario 
the extratropics from 12 to 16 km. Attempts to model the atmosphere during a 
volcanically active phase are made by assuming four times this amount of aerosol. 
There is evidence to suggest that this amount of aerosol enhancement was ob-
served after the eruptions of El Chichon in April 1982 and Mount Pinatubo in 
June 1991 (Thomason et al., 1997). 
The June monthly mean distributions of several of the trace gases of interest in 
the 2015 background THIN-AIR atmosphere are shown in Figure 3.3. NO and 
Cl are the total nitrogen (excluding N 2 0) and inorganic chlorine respectively 
and are indicators of how much material is available for possible conversion to 
active species with the potential to catalytically destroy ozone. The magnitude of 
total inorganic chlorine increases with height. There is a ground source of organic 
chlorine-containing compounds which undergo photochemical dissociation when 
they reach the stratosphere to form more reactive chlorine compounds. There is a 
maximum in total nitrogen around 30-40 km, since most of the individual species 
peak in concentration at this altitude. HNO 3 constitutes an important reservoir 
for odd nitrogen and shows a maximum around 25 km where its photochemical 
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Figure 3.2: The latitude-height sulphate aerosol density distribution (/.tm 2 cm -1 ) for 
a volcanically clean atmosphere in Northern Hemisphere spring, as defined in Table 
8-8 of WMO (1991) 
(Brasseur and Solomon, 1984). 
The 0 3 distribution shows a maximum of 9 ppmv in equatorial regions at 30-35 km 
in altitude. Above this region 0 3 is lost by the catalytic cycles involving hydrogen 
free-radicals and near the tropopause 0 3 destruction is dominated by reaction 
with OH. Only water vapour values lower than 10 ppmv are shown and the much 
higher tropospheric values are not included. The tape recorder signal can be seen 
in the form of a minimum in H 20 visible in the tropics around 18-20 km which 
has ascended from the tropopause since the previous Northern Hemisphere winter 
(see Section 2.1.3). The time-latitude distribution of column ozone (Figure 3.3, 
bottom right) shows the clear ozone 'hole' (< 260 DU) produced by the model 
during the Southern Hemisphere spring, with an ozone maximum ( > 360 DU) 
at lower latitudes surrounding the 'hole'. Higher levels of ozone column are seen 
in the Northern Hemisphere with an ozone minimum over the equator. We will 
show deviations from these distributions in later plots. 
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Figure 3.3: The THIN-AIR June latitude-height distribution of: top left Cl. (ppbv), 
top middle NO (ppbv), top right HNO 3 , bottom left 0 3 (ppmv), bottom middle H 2 0 
(ppmv), and the time-latitude distribution of total 0 3 column (DU) (bottom right) 
for a background 2015 atmosphere which includes 'volcanically clean' sulphate aerosol 
and the projected fleet of subsonic aircraft. Cl = Cl + CIO + HOCI + CIONO 2 + 
HCI, NO = NO + NO 2 + 21\1205 + HNO3 + H02 NO2 (HNO4 ) + CIONO 2 
3.3.1 Interannual variability within THIN-AIR 
This section presents the internal variability of the model without any pertur-
bations from aircraft. The magnitude of these internal perturbations will be 
compared to those produced by the introduction of aircraft. The model is driven 
by an annually repeating lower boundary in the form of 100 hPa geopotential 
heights. However, the model calculates winds and temperatures from these values 
interactively (i.e. depending on the chemistry) and there is still some interannual 
variability within the model. 
Figure 3.4 shows the interannual variability of several June monthly mean fields 
at 66°N through the last 11 years of the steady state background run. Although 
there is no QBO forcing of the model it is interesting to note that there appears to 
be a two-yearly oscillation in all of these fields. The magnitude of the maximum 
variability is at a different altitude for each trace gas, but remains small for all 
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Figure 3.4: The June vertical distribution at 66 0 N of: Cl i, (top left), N0 (top 
middle), HNO3 (top right), 0 3 (bottom left), H 2 0 (bottom middle), and the June 
latitude distribution of total ozone (bottom right), for the last 11 years of the 'steady 
state' THIN-AIR background 2015 atmosphere. Deviations from the 11-year time 
mean are shown 
is 1-2 ppbv, N0 by 0.2 ppbv where the background is 10-20 ppbv, HNO 3 by 0.1 
ppbv where the background is 6 ppbv, 0 3 by 0.06 ppmv where the background 
is 9 ppmv, and H20 by 0.03 ppmv where the background is 4-5 pprnv. The 0 3 
column varies by less than 2 DU compared to a background of around 300 DU. We 
will compare this internal variability of the model to the size of the perturbations 
due to additional supersonic aircraft in Section 3.6. 
3.4 Perturbations to the background atmosphere 
by supersonic aircraft 
We will now consider the scenarios of supersonic aircraft which we introduced 
earlier, and look at how each perturbation effects the composition of the 2015 
atmosphere, and whether these effects are transported globally or remain isolated 
in the region of the atmosphere in which the aircraft fly. 
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3.4.1 Fleet size 
We first consider adding a fleet of supersonic aircraft flying at the normal height 
of 18-20 km with a small NO El of 5 g NO 2 (kg- ' Fuel) - '. We consider the 
emissions of a fleet of 500 and 1000 aircraft and look at their perturbations to 
the background atmosphere. The main effect of adding such aircraft with small 
NO Els is to the water vapour field, shown in Figure 3.5. Doubling the fleet 
size more than doubles the response in the H 2 0 field in the lower stratosphere 
of the Northern Hemisphere. This is a significant H 2 0 increase (1.2 ppmv to a 
background of 3-3.5 ppmv). However, this increase in water vapour at this posi-
tion does not greatly affect the ozone chemistry, although it may have radiative 
feedbacks. This H 2 0 increase has spread over the whole Northern Hemisphere, 
but remains very much isolated in the Northern Hemisphere in the case of 500 
craft, suggesting very little cross-equatorial transport of the gases emitted by the 
aircraft. With 1000 craft there appears to be more water vapour transported to 
the Southern Hemisphere. This could be due to the fact that the scenario with 
1000 craft includes different flight routes as well as more aircraft, and there are 
proportionally more flights in the tropics. Other models in the study showed more 
cross-equatorial transport than our model (Penner et al., 1999). In THIN-AIR 
the effect on the column ozone is very small at all latitudes throughout the year 
with 500 craft, but with 1000 the column ozone is depleted by up to 4 DU in the 
Northern Hemisphere winter at high latitudes. 
3.4.2 NO emission index 
We have just shown that a fleet of 500 aircraft of small NO El perturbed lower 
stratospheric water vapour but had little effect on the total ozone field. We 
will now consider the effect of aircraft which are less efficient and output higher 
amounts of NOT . In Figure 3.6 we look at the total nitrogen, and see that 
there is a large increase in these constituents in the Northern Hemisphere lower 
stratosphere due to the emission of NO and NO 2 by the aircraft which have a 
high El of NO (2 ppbv to a background of 10 ppbv). The atmosphere appears to 
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Figure 3.5: The perturbation from the THIN-AIR 2015 background atmosphere to 
June H 20 (top) and 0 3 column (bottom) when including 500 (left) and 1000 (right) 
supersonic aircraft with N0 El = 5 at 18-20 km. Contour interval for H 2 0 is 0.1 
ppmv, and for the ozone column is 1 DU. Ozone colour-scale is the same on all 
subsequent plots to allow comparison 
ozone of as much as 8 DU almost year round in northern high latitudes. Other 
models in the report tended to show less sensitivity to the amount of NO emitted 
by the aircraft (Penner et al., 1999), suggesting that the H 20 emissions are a more 
important factor in the depletion of ozone. Two of the models actually had the 
opposite sign showing slight increases in ozone with large NO emissions. 
Figure 3.7 shows the percentage change in 0 3 for January with 500 aircraft with 
NO El of 15. Gross et al. (1998) find that 500 craft with NO EI=15 produce a 
3 % decrease in 0 3 in the polar lower stratosphere, and a decrease in the column 
of 1.5 %, which agrees in magnitude and position with our results. Shia et al. 
(1998) note that although they find the maximum increase in NO around 18 km 
in mid-latitudes the maximum decrease in 0 3 is seen in the tropics between 30 
and 35 km. With the THIN-AIR model we also find the maximum 0 3 decrease 
around this altitude, although more restricted to the Northern Hemisphere. 
Again we see the isolation of the Northern Hemisphere. In the light of obser-
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Figure 3.6: The perturbation from the THIN-AIR 2015 background atmosphere to 
January N0 (top) and 0 3 column (bottom) with increasing N0 emission of 500 
supersonic aircraft flying at 18-20 km. N0 El = 5 (left), N0 El = 10 (middle) and 
N0 El = 15 g kg- ' (right) 
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Figure 3.7: The perturbation from the THIN-AIR 2015 background atmosphere to 
January latitude-height 0 3 (%) with 500 supersonic aircraft of N0 El = 15 g kg' 
flying at 18-20 km 
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pipe and a subtropical barrier (See Section 2.1.4), Shia et at. (1998) reduce the 
horizontal diffusion term (normally 0.3 x 106  m2 s 1 ) in the Atmospheric and 
Environmental Research (AER-2D) model in the tropics (15 0 S to 15°N) from 
the tropopause to 35 km to simulate a leaky pipe (K reduced to 1/3-1/5 the 
mid-latitude value) and a pipe (K reduced to 1/10 of the mid-latitude value) sit-
uation where there is reduced mixing into the tropics. The addition of this area 
of low mixing tends to decrease the stratospheric residence time of long-lived 
species. The pipe model keeps the supersonic aircraft emissions most confined to 
the Northern Hemisphere, whereas the original diffusive model spreads the emis-
sions into the Southern Hemisphere. In the pipe model, the reduced transport of 
N0 through the tropics into the Southern Hemisphere produces much less 0 3 
depletion in the Southern Hemisphere, since the barrier prevents the emissions 
from entering the tropics and being lifted to the upper atmosphere or transported 
to the Southern Hemisphere. The THIN-AIR model calculates the horizontal dif-
fusion coefficient interactively rather than it being specified as in the AER model. 
KYY in THIN-AIR is calculated as follows: 
KYY = a sirt()J F 
where a = 15 x 106  m2 	q is the latitude and F is the fraction of a latitude 
circle where wave-breaking is taking place. Thus K yy can be large in high and 
mid-latitudes in THIN-AIR if there is a lot of wave breaking, but equatorward 
of 15°, it decreases rapidly to zero at the equator. Kinnersley (1996) showed 
the THIN-AIR KYY  distribution in January (Figure 3.8). In the tropics it has 
a magnitude of less than 0.5 x 106  m2 s' between 20 and 40 km, with slightly 
higher values above this altitude, and a larger area in winter mid-latitudes with 
values up to 3.2 x 106  m2 s' at 40 km. The THIN-AIR distribution of K yy is 
similar to that of the lower stratosphere in the AER-21) 'pipe' model, although 
larger in magnitude. The perturbation of N0 by supersonic aircraft in THIN-
AIR tends to look similar to the 'pipe' version of the AER-21) model which is 
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Figure 3.8: KYY  in the THIN-AIR model in January. Contour interval is 0.05 x 10 7 
m 2 s 1 Source: Kinnersley (1996) 
3.4.3 Cruise height 
We now turn to the height at which the supersonic aircraft may cruise. The 
experiments up to this point have all assumed that the aircraft were flying at 
18-20 km. Figure 3.9 shows the effect on the water vapour field and the total 
ozone column of flying at this height and 2 km higher or lower. It is evident that 
there is a greater perturbation to the background water vapour with increasing 
cruise height (from left to right of plot) and a decrease in the column ozone of up 
to 3.5 DU in Northern Hemisphere winter in high latitudes at the highest cruise 
altitude. Emission at a higher altitude means that the trace gases will have a 
longer stratospheric lifetime and can be transported more easily to regions where 
there is destruction of 0 3 by N0, whereas emission at a lower altitude is closer 
to the region of a different chemical regime where N0 emission will begin to 
produce 0 3 . This is what occurs with the subsonic craft which fly at a lower 
altitude (See section 2.4.3). We note, however, that the model vertical resolution 
is 3.5 km, and that we are changing the height of the emissions by less than one 
model level. Model levels are at approximately 15.75, 19.25 and 22.75 km in 
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the lower stratosphere, and it would perhaps be prudent to use a higher vertical 
resolution model for this type of study. 
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Figure 3.9: The perturbation from the THIN-AIR 2015 background atmosphere to 
June H 20 (top) and 0 3 column (bottom) of 500 aircraft with N0 El = 5 g kg - ' 
and increasing cruise height 16-18 km (left), 18-20 km (middle) and 20-22 km (right) 
Other models in the report (Penner et al., 1999) show much more sensitivity to 
the cruise height with larger 0 3 column depletion throughout the Northern Hemi-
sphere at the highest cruise altitude. A 3D modelling study by Gettelman and 
Baughcum (1999) shows that between 18 and 44 % of the emissions of subsonic 
aircraft are deposited into the stratosphere and that this result is highly sensi-
tive to the definition of the tropopause used (see Section 2.2). Emissions into 
the stratosphere in January are relatively higher than in July due to the lower 
tropopause at Northern Hemisphere mid-latitudes during winter. The impor-
tance of good model resolution near the tropopause and the choice of tropopause 
height for these sorts of studies are stressed. In this study here we are only con-
cerned with the effect of the supersonic aircraft whose cruise height is entirely 
in the stratosphere, but the tropopause height and altitude of subsonic aircraft 
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3.4.4 Degree of sulphate conversion in aircraft plume 
A further uncertainty is the fraction of the SO 2 these aircraft emit which is 
converted into particulate form within the aircraft plume, and that which remains 
in gaseous form in the stratosphere. Here we look at the effect of varying the 
sulphate aerosol density assuming there is some contribution from a percentage 
of the SO2 emitted. The increased sulphate aerosol densities were calculated by 
the AER-213 microphysical model (Weisenstein et al., 1997) assuming that 50 % 
of the SO2 emitted was converted to particulate form in the aircraft plume. This 
is equivalent to increasing the sulphate area density on average by 82 % (in the 
case of 500 aircraft) in the region 14-21 km and 33900  N. 
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Figure 3.10: The perturbation from the THIN-AIR 2015 background atmosphere to 
January HNO3 (top) and 0 3 column (bottom) with increasing sulphate emissions of 
500 aircraft with NO El = 5 g kg. 0 % conversion of SO 2 to aerosol (left), 50 % 
with 500 aircraft (middle) and 50 % conversion with 1000 aircraft (right) 
In Figure 3.10 we show the increase in HNO 3 (formed during heterogeneous reac-
tions on the aerosol) and the resulting change in 0 3 column. The amount of SO 2 
converted to sulphate particles in the wake of the aircraft increases the HNO 3 by 
up to 2 ppbv in the Northern Hemisphere and actually increases the ozone by 
1 DU in large areas of the mid-latitudes of both hemispheres in the THIN-AIR 
model. Other models in the study (Penner et al., 1999) found a much greater 
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sensitivity to this parameter and actually led to large decreases in ozone in the 
Northern Hemisphere. They also contained more reactions on sulphate aerosol 
(up to six; the first three mentioned in Section 3.1 plus the reactions of BrONO 2 
with H2 0 and those of HOC! and HOBr with HC!) and suggests that the inclusion 
of only two reactions is perhaps insufficient. Weisenstein et al. (1998) study the 
importance of the reaction of BrONO 2 on sulphate aerosol within the AER-2D 
model. They find that in the global average there is 20 % more ozone depletion 
when including this reaction, in a scenario with 500 aircraft of NO El 5 and 100 
% conversion of SO2 into particles in the plume. 
3.5 Natural versus aircraft perturbations 
As a comparison to the magnitude of these effects we look at the effect of one of 
the natural phenomena which affects the composition of the stratosphere. Sul-
phate aerosol is also injected into the stratosphere in large amounts during the 
eruption of volcanoes. We noted in Section 3.3 that this could increase the global 
stratospheric aerosol loading by a factor of four or more. Figure 3.11 shows the 
difference in N 2 05 and ozone column of a volcanically clean and volcanically dis-
turbed atmosphere (note the different scale to other plots). There is a massive 
loss (up to 1.5 ppbv, almost 50 % of the background concentration in the polar 
vortex) of N 2 05 in the stratospheric winter pole when there is increased aerosol 
surface area available for heterogeneous reactions. Quadrupling the background 
aerosol loading globally, actually leads to higher ozone levels in the Northern 
Hemisphere (up to +8 DU) combined with a large decrease in high southern 
latitudes at the time of formation of the Antarctic ozone hole (-15 DU). 
The sensitivity of 0 3 to NO varies when the stratospheric aerosol loading changes, 
since the partitioning of the odd nitrogen species (NO, NO 2 , N205 , and HNO3 ) 
in the lower stratosphere is highly dependent upon the concentration of sulphuric 
acid particles (Weisenstein et al., 1993). In fact the emission by supersonic air-
craft of NO and sulphate aerosol during conditions with enhanced background 
aerosol lead to smaller depletions of 0 3 (Weisenstein et al., 1998). 
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Figure 3.11: The perturbation to the THIN-AIR background 2015 atmosphere of a 
typical volcanic eruption. June N 2 05 (top), and latitude-time 0 3 column (bottom). 
The volcanically active atmosphere has four times the background sulphate aerosol 
density 
In THIN-AIR we see a similar pattern of NO increase with increasing NO emis-
sions with enhanced background sulphate aerosol as we did with the volcanically 
clean background atmosphere (Figure 3.12). However, there is less depletion of 
the 03 column when supersonic aircraft emissions are added to a volcanically dis-
turbed background atmosphere, rather than to a volcanically clean one (Compare 
to Figure 3.6 which shows the same fields for a volcanically clean atmosphere). 
Supersonic emissions tend to have less effect in a background atmosphere which 
contains a higher sulphate aerosol density, at least in the Northern Hemisphere. 
Other models in the report (Penner et al., 1999) actually show increases in 0 3 col-
umn when supersonic aircraft are added to an atmosphere with enhanced aerosol. 
In THIN-AIR Southern Hemisphere 0 3 column changes appear to be greater dur-
ing the winter months, a pattern which had not emerged previously. 
In both these cases of increasing N0 emissions in a volcanically clean or enhanced 
aerosol background, THIN-AIR has been far more sensitive to the NO emissions 
than the other models. It is possible that the feedbacks between the N0 increase, 
chemistry, temperature and transport changes are important in this case. THIN- 
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Figure 3.12: The perturbation to THIN-AIR January N0 (top) and 0 3 column 
(bottom) of 500 craft flying at 18-20 km in a volcanically active atmosphere, with 
N0 El=5 (left), N0 El=10 (middle), and NO El=15 (right). The volcanically 
active atmosphere has four times the background sulphate aerosol density 
AIR is the only model in the intercomparison which enables feedbacks to occur 
between the temperature, the dynamics and the chemistry. 
We note that the natural perturbation to the stratospheric aerosol via volcanic 
eruptions perturbs the stratosphere by a much greater amount than any of the 
aircraft perturbation experiments described here. 
3.6 Summary 
3.6.1 Supersonic aircraft in 2015 
We have looked at many scenarios for a 2015 atmosphere and the change in 
composition of this atmosphere which would be made by a fleet of supersonic 
aircraft. Here we summarise the main findings from this modelling work. 
• The global effect when considering a fleet of supersonic aircraft alone on a 





% for all scenarios considered, but there are larger perturbations to atmo-
spheric constituents locally. 
• The perturbations to the background atmosphere due to supersonic aircraft 
emissions (Section 3.4) are at least one or two orders of magnitude greater 
than that due to the model's internal variability (Section 3.3) year to year. 
This suggests that the results are robust at least for the larger perturbations. 
• The THIN-AIR model seems to be most sensitive to the amount of N0 
emitted by the aircraft depleting the 0 3 column through the entire Northern 
Hemisphere. Cruising at a higher altitude increases the amount of water 
vapour in the stratosphere considerably, although it doesn't significantly 
increase the depletion of 0 3 . An increase in the amount of sulphate aerosol 
in a limited area (due to emission of SO 2 ) actually led to 0 3 increases in 
some areas, although in an atmosphere with volcanically-enhanced aerosol 
and high N0 emissions there was still overall 0 3 depletion. The depletion 
of ozone in a volcanically active (high sulphate aerosol) background was less 
significant than in a volcanically clean (low aerosol) background, however. 
• The emissions of gases in the local flight path of the Northern Hemisphere 
tend to spread throughout the entire lower stratosphere and in part the mid-
dle and upper stratosphere of that hemisphere, but there appears to be little 
cross equatorial transport of the constituents especially in the lower strato-
sphere. It appears that THIN-AIR has a fairly strong tropical pipe whereas 
some other models in the study tended to have much more cross-equatorial 
transport of the emissions and more ozone depletion in the Southern Hemi-
sphere. 
• Episodic natural volcanic emission of aerosol contributes to the aerosol load-
ing to a much greater extent than the emissions of supersonic aircraft, and 
consequently produces a much larger perturbation to the ozone field. 
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3.6.2 Limitations to 2D modelling 
There are certain advantages to running 2D models such as the run-time being 
much shorter than an equivalent 3D model, the fact that many realisations and 
perturbation experiments can be carried out, and that complex dynamical and 
chemical models can be coupled and still run at little expense. However, many 
atmospheric phenomena are not two-dimensional and with the massive increases 
in computing power available in recent years it is now becoming possible to run 
3D models over long periods, or for several scenarios and even couple them with 
chemistry models. This has allowed atmospheric scientists to attempt to simulate 
a more realistic atmosphere and work on problems which are clearly not zonally 
symmetric. Here we point out some of the limitations of the THIN-AIR model. 
• We have run this model with an annually repeating forcing for the meteoro-
logical fields. This is perhaps sufficient when considering a future situation 
where there are many uncertainties of the meteorological situation which 
will be prevailing at that time, but very different results could be achieved 
by using a year where the meteorological situation was different. 
• The vertical resolution of 3 km is rather coarse and is not sufficient when 
considering problems such as STE or where the height of the tropopause is 
important, for example. 
• Although some middle atmospheric chemical fields tend to be zonally sym-
metric at some heights, there are many factors which vary with longitude 
in the atmosphere. In the case of this study, the flight paths of aircraft are 
not zonally symmetric. Van Velthoven et al. (1997) calculate that monthly 
mean volume mixing ratios of NO in their 3D models vary by a factor of 3 
with longitude and highly recommend the use of 3D models for such studies 
due to the non-linearity of the chemical processes involved. 
• The simulation of horizontal transport by a diffusion coefficient is not re-
alistic. 3D models allow more physical representations of the 3D transport 





• The THIN-AIR model is designed specifically to gain greater understand-
ing of the stratosphere and mesosphere, and not for tropospheric processes. 
However, indications are that there is much interaction between the tropo-
sphere and stratosphere, and the tropopause should not be considered as a 
horizontal barrier surface. We need a model which has good resolution of 
both in order to understand more about the interactions between the two 
areas of the atmosphere. 
Many transport processes such as stratosphere-troposphere exchange and trans-
port through the subtropical barrier, are not zonally symmetric and are still 
poorly understood. We would like to study these processes in more detail and 
gain a better understanding of the mechanisms and their variability in time and 
space. With the ever-increasing availability of computer power it is becoming 
possible to construct 3D models for this purpose. In order to avoid the confusion 
that arises by complex chemical feedbacks, we will first select a suitable uncou-
pled 3D model and the following chapters will elucidate some of its transport 
properties and gain insight into the transport properties of the real atmosphere 
by looking at passive tracers and their transport within the model. 
Chapter 4 
The dynamical Unified Model 
This chapter provides an introduction to the theory behind 3-D modelling and 
General Circulation Models (GCMs) and looks in detail at the formulation of the 
Unified Model (UM), the model whose transport capabilities we will be looking at 
more closely and which we will be using to gain further insight into the transport 
properties of the real atmosphere. We will discuss the transport processes in 
the model in more detail and look at the climatology of this GCM, pointing out 
parts which the model simulates well along with those which it does not. We will 
also discuss briefly attempts which have been made to couple chemistry models 
to this and other GCMs and the advances which have been made at Edinburgh 
University in this field. 
4.1 Advances in global atmospheric modelling 
Since the late 1940's, the advent of computer modelling of the atmosphere, math-
ematical models have been used to study weather, climate, climate change and 
pollution on all scales from urban (or smaller) up to global scales. 
General circulation models have been developed by several groups worldwide, 
with the aim to provide the solution to the equations of atmospheric motion, a 
suitable adaptation of the Navier-Stokes equations. Initially all available com-
puting power was used simply in the solution of the dynamical equations, but 
with the recent advances in technology, people are able to develop these models 
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to include many more processes, providing a more realistic simulation of the real 
atmosphere. This includes: increase of horizontal resolution to be able to re-
solve small-scale features and hence parameterisation of their effects, the ability 
to carry out longer model runs to study climate change, the improvement and 
increased understanding of the small-scale physical processes, coupling to ocean 
models to represent the global atmosphere-ocean system, improvement of verti-
cal resolution, use of ensemble runs to provide estimates of uncertainty in model 
results (running the model several times for the same time period with slightly 
different initial conditions), the inclusion of water vapour as a fully prognostic 
variable and the addition of chemistry. 
With a common goal in mind, these models have been developed with different 
approaches. The choice of vertical co-ordinate varies: pressure or log pressure, 
sigma (pressure normalised with surface pressure), or hybrid (sigma/pressure), 
which includes the advantages of terrain-following sigma in the troposphere and 
simplicity of near-horizontal pressure levels in the stratosphere and mesosphere. 
The 3D equations are solved using one of several methods: 
The grid-point method, where variables are defined by their values at regularly 
spaced points in longitude, latitude and altitude. The spatial derivatives are 
approximated by finite differences. Stability and accuracy depends on time and 
spatial steps chosen. Models using the grid point method include the UM which 
is described later and used in this thesis, the University of California, Los Angeles 
GCM (Kim et al., 1998), the SKYHI model of GFDL (Hamilton et at., 1995), the 
GISS model of NASA GISS (Rind et at., 1988) and the MRI/clim model of the 
Japan climate group (Kitoh et al., 1995). 
The spectral method. The horizontal behaviour of the model is expressed in 
truncated spherical harmonic expansions and each such horizontal level is spaced 
evenly with altitude as in the grid-point method. Models adopting this method in-
clude the (MA) Community Climate Model 2 of NCAR (Boville, 1995), the Cana-
dian Middle Atmosphere Model (Beagley et at., 1997), the MRI/Irf (Chiba et at., 
1996), the Freie Universität Berlin GCM (Langematz and Pawson, 1997), the 
ARPEGE-climate model of CNRM, Météo-France (Déqué et at., 1994), the Mid- 
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dle Atmosphere ECHAM4 of the Max Planck Institut für Meteorologie (Manzini 
et al., 1997) and the ECMWF model (Simmons et al., 1999). 
Other methods exist although are not so commonly used. Recently a finite 
volume model has been developed at NASA GSFC, the Finite Volume Com-
munity Climate Model (FVCCM) (Lin and Rood, 1997; Kiehl et al., 1998). 
The Deutscher WetterDienst (DWD) are currently using a model which has an 
icosahedral- hexagonal grid, which avoids the pole problem of regular latitude-
longitude grids (Majewski et al., 2000). 
4.2 UM formulation and 
physical paramet erisat ions 
The Unified Model (Cullen, 1993) is the name given to a suite of atmosphere 
and ocean modelling software at the UKMO. This consists of global atmosphere 
and ocean models which can be run separately or as a coupled system, a slab 
ocean model which gives a basic representation of the ocean for the atmosphere 
and a wave model which uses atmospheric winds to predict surface waves on the 
oceans. There are also limited-area regional and mesoscale models to give more 
accurate forecasts over the UK region as well as an atmospheric data assimilation 
system. The models can be run at a variety of horizontal and vertical resolu-
tions and time-scales, allowing the software to be used for day-to-day numerical 
weather prediction as well as studies of long term climate change. In this work 
we use the atmosphere model alone at the standard climate horizontal resolu-
tion. The current standard atmosphere climate model (HadAM3) has 19 levels 
in the vertical, the majority of which are situated in the troposphere, giving a 
poor representation of the middle atmosphere. In this thesis we will use a version 
of the UM which uses the physics of HadAM3 with an increased vertical extent 
and resolution, giving better representation of the stratosphere and mesosphere. 
The version detailed here has been used previously in the Atmospheric Model 
Intercomparison Project, AMIPII (WCRP, 2000 July) and in a study concerning 
the effects of solar variability on climate (Larkin, 2000). Simulation of the at-
mosphere requires a large number of physical laws and mathematical equations 
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which cannot all be described here. We describe the main features of the 58 level 
UM and its ability to simulate the observed middle atmosphere. Further infor-
mation can be gained from the references herein or from model documentation 
available at the UKMO or UGAMP. 
4.2.1 Formulation 
































Figure 4.1: Vertical plots indicating the levels in different versions of the UM: the 19 
level (left) and 58 level version (right) of the model 
The UM is a grid-point model where variables are represented on a regular 
latitude-longitude grid which has a resolution of 3.75° longitude by 2.5 0 latitude. 
The vertical co-ordinate is a hybrid one, near the ground it is a terrain following 
sigma co-ordinate ( -where p = pressureandp = pressureattheground), 
P.
which gradually turns into a pure pressure (almost horizontal) co-ordinate at 
higher altitudes (above 50 hPa). There are 58 levels in the vertical, which gives a 
resolution of around 1.3 km throughout the middle atmosphere. Figure 4.1 shows 
the spacing of the 19 levels of the standard HadAM3 climate model and the 58 
levels of the middle atmosphere version used in this work. Model variables are 
held on the Arakawa 'B' grid (Arakawa and Lamb, 1977) with q (=11 20), 0 (= 
potential temperature), 1 (= geopotential height) and p, (= surface pressure) 
Me 
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Figure 4.2: Scematic diagram showing the position of variables on the Arakawa B' 
grid. Red points are the box corners, holding water vapour, pressure. ternrerature and 
geopotential height, blue points are the box centres, holding the horizontal velocities 
held at the box corners and horizontal velocities at the box centres (See Figure 
4.2). Vertical velocity is held at the box corner, on the vertical half levels. The 
equations are solved in the spherical polar co-ordinate system. 
4.2.2 Dynamics 
The problem 
Model dynamics involves determining atmospheric flow which can be resolved 
on the model gridscale. This involves the solution of a set of equations (Cullen 
and Davies, 1991); the equations of motion (momentum equations), conservation 
of mass (continuity equation), energy equation (thermodynamic equation) and 
equation of state (ideal gas equation). Also each tracer including water vapour 
requires a transport equation. These equations are usually approximated to re-
duce the computation time. Most GCMs use the hydrostatic primitive equations, 
where the hydrostatic and shallow atmosphere approximations have been made. 
In these approximations, several of the Coriolis cosq5 terms (due to the rotation 
of the Earth) and metric terms (due to spherical geometry) have been omitted to 
ensure a dynamically consistent approximation which conserves energy, angular 
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momentum and potential vorticity. However, White and Bromley (1995) show 
that the cosq5 Coriolis terms are in fact non-negligible in certain conditions, those 
of planetary scale motion and in diabatically driven tropical synoptic-scale mo-
tion. They estimate that omission of these terms leads to a 10 % error in these 
situations. The UM therefore uses the quasi-hydrostatic primitive equations of 
White and Bromley (1995), where the hydrostatic approximation is relaxed and 
the shallow atmosphere approximation is abandoned, allowing the inclusion of all 
the Coriolis terms and metric terms whilst ensuring all the conservation properties 
mentioned above. 
Solving the equations 
The equations are solved by a 'split-explicit' integration scheme (Cullen and 
Davies, 1991) which conserves mass-weighted potential temperature and mois-
ture, allowing heat and moisture budgets to be calculated more accurately. This 
involves a five minute time-step (the adjustment step) and a 15 minute time-
step (the advection step). This process allows energy conservation to be treated 
consistently. 
The adjustment and advection steps 
The adjustment step uses a 'forward-backward' scheme which updates the pres-
sure, temperature and the wind fields. The horizontal winds are then averaged 
over the three time-steps and used for the horizontal advection and vertical ad-
vection (via the continuity equation). The advection step uses the '1-leun' scheme 
(see section 4.3) to advect potential temperature and water vapour with these av-
eraged velocities. It also calculates any horizontal diffusion that is to be applied 
to stop the accumulation of energy at the smallest scales. This arises by forcing 
at smallest scales and noise excited by errors in the numerical scheme. 
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Fourier filtering 
The grid, which is uniform in longitude and latitude in this model, leads to 
convergence of the meridians towards the pole and an increase in the Courant 
number with decrease of the east-west gridlength. This would lead to instabilities 
in the model but is controlled by Fourier filtering along latitude lines. This 
damping is applied at latitudes within 50 degrees of the pole to allow the time-step 
to be as long as 15 minutes everywhere without any instabilities being introduced. 
Waves smaller than a certain length are all smoothed by the same factor at a given 
latitude and the longest wave damped is dependent upon the maximum zonal 
wind at that latitude. This process is carried out in such a way that conservation 
properties are not affected. 
4.2.3 Radiation 
Solar (short-wave) radiation from the sun is absorbed in the atmosphere and at 
the Earth's surface and is the provider of energy for the Earth's climate system. 
Terrestrial (long-wave) radiation is emitted by the Earth to space and also redis-
tributes heat in the atmosphere. Gases, aerosols, cloud droplets and ice crystals 
all absorb, emit and scatter radiation. The surface absorbs, reflects and emits 
radiation. Modelling of atmospheric radiation is therefore very complex. 
The UM uses a radiation code based on the two-stream equations in both the 
short-wave and long-wave spectral regions (Edwards and Slingo, 1996). It is only 
necessary to carry out radiation calculations once every three hours since they do 
not suffer from the same instabilites present in the dynamical part of the model. 
The scheme has six spectral bands in the short-wave. It includes absorption and 
scattering by ozone (0 3 ), water vapour (H 2 0), carbon dioxide (CO 2 ) and oxy-
gen (02). The long-wave spectrum is divided into eight bands including CO 2 , 
03 , H2 0, methane (CH 4 ), nitrous oxide (N 20), CFC-11 and CFC-12. As will be 
explained in Section 4.2.5, ozone is given by a zonal mean climatology. The radi-
ation scheme 'sees' a zonal mean climatology of water vapour in the stratosphere 
and mesosphere, but uses the model prognostic water vapour in the troposphere. 
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The other gases are assumed to be well mixed in the atmosphere and given con-
stant values appropriate to the time period being modelled (1979-1996); CO 2 = 
333 ppmv, CH4 =1.6 ppmv, N2 0=319 ppbv, CFC-11 = 222 pptv and CFC-12 
= 382 pptv. The radiation scheme also includes the effects of absorption and 
scattering by cloud particles. It obtains information about the cumulus cloud 
structure from the convection scheme and stratiform cloud structure from the 
large-scale cloud scheme. Water droplets and ice crystals are treated separately 
with optical properties dependent upon their size. Scattering and absorption by 
aerosols are also treated in the shortwave section of the code, with a prescribed 
climatological background aerosol distribution. 
4.2.4 Physical parameterisations 
In the UM, grid-points are about 300 km apart, but many physical processes act 
on length-scales smaller than this and cannot be resolved on the model grid. Such 
processes are parameterised, so that their effects on the large-scale circulation 
can be included. The schematic (Figure 4.3) indicates the atmospheric processes 
which are parameterisedin the model. 
Gravity wave drag 
Gravity waves are forced at the ground, travel up as far as the upper stratosphere 
and mesosphere where they tend to break giving easterly momentum to the large-
scale flow (Slowing the westerly large-scale flow). Gravity waves are believed to 
have several sources, although these are the focus of current research and the exact 
source of these perturbations is uncertain. Early attempts at parameterising this 
effect involved applying a linear drag, proportional to the zonal wind speed, 
everywhere in the mesosphere (Rayleigh friction). 
In the UM, only gravity wave drag due to flow over mountain ranges, orographic 
drag, is explicitly parameterised, including effects for the orientation of mountain 
ranges (Gregory et al., 1998). These hydrostatic gravity waves propagate verti-
cally and break (applying a drag to the mean flow) from 950 hPa (ri  0.35 km) 
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Parameterised Processes in the UM 
c 






Figure 4.3: Schematic diagram indicating the physical processes which are not re-
solved in the UM, but represented in a parameterised form 
up to a height of 20 hPa (.—' 27 km), with the maximum drag experienced in the 
upper troposphere of the mid-latitudes. The scheme also includes a parameteri-
sation of waves which break at low levels associated with trapped non-hydrostatic 
lee waves and down-slope wind storms (the hydraulic jump regime). These waves 
tend to break applying a drag to the middle and lower troposphere respectively. 
Gravity waves excited by other methods are not included in this version of the 
UM, so a linearised drag, Rayleigh friction, is applied above 20 hPa 27 km) 
to allow for the effects of all other gravity waves, with a time constant of around 
1.5 days near the top of the model. 
Whilst it is still not possible to run GCMs at a high enough resolution to re-
solve the whole spectrum of these small scale waves which play an important 
role in forcing the middle atmospheric circulation, much effort is being put into 
parameterising their effects. More complex gravity wave drag schemes have been 
applied to the UM which represent a spectrum of waves excited near the ground. 
- 
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When included, they allow a QBO-like signal (see page 87) to be generated in 
the model. A. Scaife implemented the Warner and McIntyre (1999) scheme and 
D. Stainforth that of Hines (1997). Neither of these more advanced schemes has 
been implemented in the model results presented in this thesis. 
Convection 
If the Earth's surface is exposed to sunlight, the air just above the ground heats 
by conduction but air higher up is not affected straight away. If this results in an 
unstable lapse rate, then buoyancy and lifting (free convection) results. As the 
parcel rises it expands and cools dry adiabatically. If the parcel contains water 
vapour, then it condenses if the parcel becomes cooler than the condensation 
temperature, releasing energy. Entrainment is the mixing of relatively cool dry 
air from outside the cloud into the moist warm cloud. This causes cooling at 
the edges of the cloud, forcing downdraughts at its edges and slowing its ascent. 
Detrainment is the opposite where air from the cloud is mixed into the air outside 
the cloud. Convection affects the large-scale atmosphere, especially in the tropics, 
through subsidence within the cloud, detrainment of heat and moisture from the 
cumulus clouds and evaporation of falling precipitation. 
This scheme represents transport of heat, moisture, momentum and tracers as-
sociated with cumulus convection occurring within a model grid box. Moist 
convection of all types (deep, mid-level and shallow) as well as dry convection are 
simulated by the penetrative mass flux scheme described in detail by Gregory and 
Rowntree (1990). The scheme is based on a 'bulk' cloud model, with extra terms 
included for detrainment at the edge of buoyant clouds and at the top of the con-
vective plume when it is no longer buoyant. The scheme models an ensemble of 
cumulus clouds within a grid box (with differing characteristics and terminating 
at different levels) as a single plume, with entrainment from and detrainment to 
the surrounding atmosphere. Downdraughts as well as updraughts are included 
in the model (Gregory and Inness, 1996). 
The scheme has the following purposes: 
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. Determine whether or not convection will occur. This is deemed possible if 
air within the box has enough buoyancy to rise to the box above. Convection 
continues until a parcel of air is deemed to be no longer buoyant. 
. Determine the amount of convection that will occur. This is based on an 
empirical relationship between the mass flux and the initial buoyancy of the 
plume at the base of the cloud. 
. Determine the amount of momentum that is transported by the convec-
tive updraughts and downdraughts (Gregory et al., 1997). Tracers are also 
transported by the scheme. 
. It also determines and models any precipitation associated with the con-
vection. 
. The amount of cloud associated with the convection is calculated. The same 
amount of cloud is assumed at each level in a given convective plume. This 
is passed onto the radiation scheme for use there. 
Large-scale cloud 
Clouds are a very important factor in the atmospheric system and have many 
effects. They can mix air and gases rapidly in the vertical (convection), absorb 
and reflect radiation (they have an overall cooling effect in the shortwave part of 
the spectrum and an overall heating effect in the longwave part of the spectrum), 
produce precipitation, remove gases and particles from the air, alter pressures, 
temperatures, wind speeds and photolysis coefficients. Clouds form mainly in 
the troposphere and can reach as high as 18 km in the tropics. Those formed 
by surface heating and free convection are known as convective clouds and were 
dealt with on page 74. Clouds can also be formed due to flow over mountains 
and along weather fronts. 
The large-scale (stratiform) cloud scheme has two main objectives (Smith, 1990): 
Firstly it calculates a cloud fraction (or rather non-clear sky fraction) for each 
grid box, then it partitions the total water content of the grid box between water 
vapour content and mean cloud water content. This cloud water fraction is then 
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subdivided into ice and water phases dependent upon temperature. Condensation 
can occur before grid-scale supersaturation and the change of phase from vapour 
to liquid to solid water is reversible. This is closely linked to the precipitation 
scheme described next which then acts to remove some or all of the cloud water 
generated. 
Large-scale precipitation 
Precipitation is vital in the Earth's water cycle, removing moisture from the 
atmosphere and producing cooling of the large-scale atmosphere where it evapo-
rates. Precipitation is produced by two methods. The convection scheme removes 
moisture generated in sub-gridscale convective systems on page 74. This scheme 
removes cloud water from systems such as large-scale stratiform cloud in frontal 
systems, from the cloud formed in the large-scale cloud scheme (on page 75). 
The scheme is a simple bulk parameterisation which converts cloud fraction and 
cloud-mean water/ice content into liquid/solid precipitation. The sweep-out of 
water content by falling precipitation is also modelled at a rate proportional to 
that of the precipitation. Precipitation melts/freezes as it crosses the zero de-
gree isotherm and may evaporate/sublimate if it falls into a sub-saturated region 
(Gregory, 1995) thus cooling the surrounding atmosphere 
Boundary layer processes 
Turbulent motions in the Earth's boundary layer transport heat, moisture, mo-
mentum, aerosol and pollutants, mainly in the vertical direction. There are six 
levels in the boundary layer scheme where turbulent fluxes are calculated from 
local gradients and stability-dependent transport coefficients. Clear and cloudy 
regions are allowed for (Smith, 1990; UKMO, 1998). The boundary layer scheme 
is closely related to the surface process scheme described in the next section. 
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Surface processes, land surface and vegetation 
The scheme calculates fluxes of moisture, heat and momentum at the land-
atmosphere interface and updates the surface and sub-surface variables which 
affect these fluxes. The model uses the MOSES (Meteorological Office Surface 
Exchange Scheme) described in Cox et al. (1999). The total evaporation flux 
is calculated as a function of transpiration by vegetation, bare soil evaporation 
and sublimation from the snow surface. The energy balance at the surface is 
calculated as the sum of the sensible heat flux, latent heat flux due to evapora-
tion and snowmelt, conduction flux from the ground. It is an extension of the 
Penman-Monteith formulation. Also included are the following models: 
• 4-layer soil thermodynamics model: Subsurface temperatures are updated 
using a discretised form of the heat diffusion equation as a function of soil 
moisture content. Soil water phase changes and the associated latent heat 
are also simulated. 
• 4-layer soil hydrology model: based on a finite difference approximation of 
the Richards' equation. 
• A'bulk stomatal' resistance model of vegetation: Simulates the loss of water 
by transpiration and the gain of carbon dioxide by photosynthesis. 
4.2.5 Forcing datasets 
We use a zonal mean monthly mean ozone climatology of Wang et al. (1995) 
updated monthly, as is used in AMIPII. This ozone climatology is for use in the 
radiation scheme. It is not a prognostic model variable. 
Sea surface temperatures and sea ice are observed monthly mean values (Fiorino, 
1996) from the AMIPII period (December 1978-March 1996) interpolated every 
day. 
Since the prognostic stratospheric water vapour in the model is not good, then 
the radiation sees' a zonal mean water vapour climatology in the stratosphere 
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and mesosphere which is a combination of HALOE and MLS data (Cole, personal 
communication). 
4.3 Transport in the UM 
Many tracer advection schemes of varying order of accuracy exist and have been 
implemented in different models. All have the same aim, the solution of the 
advection equation: 
ac ac 
- + U- = 0 at ax 
(4.1) 
where C is the concentration of a tracer, u the wind speed, x distance and t 
time. The UM currently adopts the 'Roe' flux redistribution method (Cullen and 
Barnes, 1997) for tracer advection, although the primary fields are advected with 
the 'Heun' scheme (Cullen et al., 1993). In this section we describe and compare 
these two schemes, initially in one dimension for ease of comparison. Full details 
of the 3D versions and their implementation into the UM are given in Cullen and 
Barnes (1997) and Cullen et al. (1993). 
4.3.1 The Roe scheme 
The Roe tracer advection scheme is a first order accurate scheme with a flux 
limiter which effectively makes the scheme second order accurate, but with less 
expense. It follows the flux redistribution method of Sweby (1984) and is a 
combination of the Lax-Wendroff and Warming & Beam second order schemes. 
There are two options for limiters in the UM, the 'Van Leer' and the 'Superbee' 
limiter. Here we begin with the Lax-Wendroff second order scheme and show how 
this can manipulated to give the Van Leer flux-limited scheme. 
The Lax-Wendroff scheme is second order in space and time. It is a two-step 
scheme. The first step is forward-time centred-space and gives values at time 
t+ : 
W. 
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= [C + + CiA + 	 (4.2) 2Lx 
where i is the index of the gridpoint in the x-direction and t is the index of the 
timestep. The second step is the centred-space, centred-time (leapfrog) method 
to estimate values at time t+1: 
c,+1 = Ci,t - 	[c ++4 - c_ + ] 	 (4.3) 
AX 	2 
Substituting 4.2 into 4.3 and rearranging gives: 
ci,t+1 = ci,t- 
ui_,tt 
Lx 	
[7i,t - C_1,] 
First order equation 
ir 	ti 	At 
'u,— I [Cji, - 2Cj , H- Ci_i,t] 	(4.4) 2L LxJ 	x 
anti—diffusive flux 
All the terms in Equation 4.4 make up the second order scheme. These can be 
divided into two parts: the first terms of the equation form a first order scheme 
which alone, is monotone but rather diffusive, the remaining terms (the anti-
diffusive flux) make the Lax-Wendroff scheme second order and limit the amount 
of diffusion in the scheme, but also make it non-monotone, so spurious oscillations 
are introduced. We want to artificially modify this part of the scheme (by adding 
only a fraction of these terms) to ensure that the scheme remains monotone, but 
at the same time containing as little diffusion as possible. Thus we consider these 
terms as an 'anti-diffusive' flux, adding an amount of this flux to the first order 
equation: 
ci,t+1 = Ci,t - 
ui_,t t 
- C_i,t] + 'I. {Anti - diffusive Flux} 	(4.5) 
Ax 
The amount of the flux added is limited by the factor (D i = 4(r) which is a 
function of r, the ratio of tracer gradients in successive boxes: 
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The Van Leer limiter is one such 1, which seeks to maximise the amount of flux 
added to the first order scheme, whilst maintaining that the scheme remains Total 
Variation Diminishing (TVD). This means no spurious oscillations are introduced 





r_ r > 0 	
(4.7) 
1+r 
Equation 4.7 gives the formulation of the Van Leer limiter. This implies that the 
first order scheme is used where there is a maximum/minimum in concentration 
('I(r) = 0). The amount of flux added varies with the ratio of tracer gradients 
in neighbouring boxes away from any such maximum or minimum value. 
As stated previously there is a choice of two limiters in the UM, the Van Leer 
limiter (as outlined above) and the Superbee limiter. Both limiters are explained 
more fully in Sweby (1984) and their implementation in the UM is detailed in 
Cullen and Barnes (1997). 
The Van Leer limiter is believed to be more diffusive, whereas the Superbee 
limiter is good for linear advection, but makes smooth waves square. We have 
chosen to use the Van Leer limiter for the studies detailed here, since although 
rather diffusive, should give a more realistic 'shape' to tracer distributions. This 
scheme is mass conservative (a tracer should not gain or loose total mass), positive 
definite (a tracer concentration will not be allowed to become negative), the flux 
limiters are Total Variation Diminishing (TVD) and it is stable where the Courant 
number is less than or equal to one. However, correlations between tracers will 
not be conserved through advection with this scheme. It has been found to be 
rather diffusive. 
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4.3.2 The Heun scheme 
The Heun scheme is used within the model to advect the primary variables, 
temperature and moisture. However, we have adapted the model to allow tracers 
optionally to be advected by this method also. The scheme is a second order 
finite difference scheme, with a second order forward time-step and a centred 
space difference which is applied with fourth order accuracy in the horizontal, 
but only second order in the vertical. The Heun scheme is a two-step scheme. 
Firstly, the time derivative of equation 4.1 is estimated using a forward time-step 
/ C\ 
= 	- At I u 
D
— 	 (4.8) 
\ 
The final time derivative is then an average of the spatial derivative calculated 
with the initial values and the spatial derivative calculated with the estimated 
values 
f 	___ 
Cti, = Ct, - At I u 
DC 
— + u 	 (4.9) 




/ i+i3\ 	Cz —Cz_ 1 	C + —Cj>  
J3 i- 	C_i —C_ 2 	Ci+2—Ci+1l 	
(4.10) —ui_ 
/x 	 AX 	J 
which is fourth order if 13 =and only second order if 3 = 0. This scheme 
conserves mass if the discrete form of the continuity equation is satisfied by the 
winds. 
The Heun scheme is, however, unconditionally unstable. A van Neumann stabil- 
ity analysis (Gregory, 2000) assuming constant winds, shows that Fourier com- 
ponents are amplified by a factor (i + 4) 2 where is dependent upon the 
riii 
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wavenumber, winds, time-step, grid-spacing and the order of the scheme. With 
the second order scheme, the most unstable wave has a wavelength of four times 
the grid spacing and = u, the Courant number. The instability is much Ax 
stronger in the case of the fourth order scheme with = 1.37u 	and the most 
AX 
unstable wave is a little shorter. In idealised 2D tests it was shown that the 
Heun scheme could be stabilised by including a diffusive correction term in the 
advection equation (Marshall, 1989). However, this is not used within the climate 
model as it was found to have negligible effect, as this correction term tended to 
be swamped by other diffusive terms which handle the cascade of energy down 
to small scales in another part of the model. This means, however, that small 
time-steps are required to ensure that instabilities do not grow. In the UM, the 
scheme is always second order in the vertical and is fourth order in the horizon-
tal until the Courant number becomes too large, in which case the second order 
scheme is also used in the horizontal. 
The scheme is not monotonic and as with most second order finite difference 
schemes, spurious oscillations are introduced. This means that in these spuri-
ous oscillations, a tracer could have a negative concentration, which is clearly 
unphysical. To overcome this problem, the model includes a local fix, in that 
if the concentration in a grid box becomes negative, tracer is 'borrowed' from 
grid boxes around the latitude/longitude circle of the box concerned to fill in the 
negative 'hole', whilst conserving the global mass of the tracer. 
4.3.3 Comparison of the schemes 
Figure 4.4 shows the points in time and space used for advection with the Heim 
scheme (h). and the Roe scheme (r). Gregory (2000) has carried out a comparison 
of the advection schemes within the UM, conducting idealised tests of 2D non-
divergent flow on a plane. These involve tests where the winds are defined by a 
solid body rotation. The case where the initial condition is a smooth cosine bell 
is shown in Figure 4.5. It is evident that the Roe scheme is rather diffusive and 
tends to reduce the magnitude of the maximum values significantly, whereas the 
Heun scheme maintains the maximum value fairly well, but introduces spurious 
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Figure 4.4: Schematic diagram showing the points in time and space used for an 
advection step by the Heun scheme (h) and the first and second steps of the Roe 
Scheme (rlr2). When j3 = 0 and the Heun scheme is second order, the two most 
extreme points in space (i - 2, t and i + 2, t) are not used 
oscillations behind the main peak and the 'bell' is rather asymmetric. This is 
especially so for the second order case. Hall (1995) attempted to use the Roe 
scheme to advect the main variables, temperature and pressure instead of the 
Heun scheme normally used, but found that this gave rise to large errors in 
temperature at the top of the HadAM2a version of the 19-layer climate model. 
4.4 UM climatology 
This section describes the climatology of the UM, in terms of its wind, tem-
perature and water vapour fields. The climatologies of similar versions of the 
model have been reviewed previously: Butchart and Austin (1998) presented 
a 10-year stratospheric climatology of the UM with 49 levels and HadAM2b 
physics, whereas Swinbank et al. (1998) looked at middle atmosphere variability 
in a five year integration of this version. The physical parameterisations used in 
HadAM2b are also listed in this paper. Pope et al. (2000) look at the climatology 
of a 19-level version of the model with HadAM3 physics, concentrating on the 
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Figure 4.5: Solid body rotation of cosine bell after one revolution on an 80x80 grid 
using the Roe Scheme with Van Leer limiter, the 2nd  and 4 1" order Heun schemes 
and the exact solution. Plot from Gregory (2000) 
troposphere and the effects of the change in physical parameterisations between 
HadAM3 and HadAM2b. The main changes between these two versions include 
a new radiation scheme, the inclusion of convective momentum transport and a 
new land surface scheme. 
Zonal mean wind and temperature 
Monthly mean zonal mean UM wind and temperatures for the period 1979-1995 
are compared to the COSPAR. International Reference Atmosphere (CIRA-86) 
(Fleming et al., 1990). This climatology is produced with a combination of satel-
lite, radiosonde and ground-based measurements, extending from the ground to 
approximately 120 km, on a 50  latitude by 2 km vertical grid. 
Figure 4.6 shows the January UM and CIRA temperature climatologies, as well as 
the model minus observation difference on the CIRA grid. The UM suffers from 
the cold pole problem especially in the winter upper stratosphere (around 20 K 
too cold), like many other GCMs without parameterised non-orographic gravity 
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and Austin (1998). Swinbank et al. (1998) found a cold bias throughout the 
entire stratosphere which was thought to be due mainly to bias in the long-wave 
radiation calculations in that model version. There is still a small cold bias 
in the entire upper stratosphere in our version which uses a different radiation 
scheme, although this is not the case in the lower stratosphere. There are large 
positive biases in the mesosphere for the entire year, which are possibly due to 
the incorrect jet structure. 
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Figure 4.6: Zonal mean 17-year mean January temperature in the UM (top left), 
CIRA (top right) and the UM-CIRA difference (bottom) 
The January zonal mean wind from the UM and CIRA are shown in Figure 
4.7. The jets in the winter hemisphere stratosphere were not tilted equatorward 
as observed, but poleward as found in other GCMs. The winter jets in both 
hemispheres were a little too strong (Southern Hemisphere winter not shown), 
but Swinbank et al. (1998) conclude that the jets are more realistic in their version 
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than other models due to stronger Rayleigh friction. 
UM U ( rn/s ) Jan 1979-1995 	 CIRA U ( rn/s ) Jan
0.111 '0.1 	
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Figure 43: Zonal mean 17-year mean January zonal wind in the UM (top left), CIRA 
(top right) and the UM-CIRA difference (bottom) 
Meridional circulation 
Butchart and Austin (1998) note that the Brewer-Dobson circulation is repro-
duced in the UM but descent rates over the winter pole are too small, especially 
in the Northern Hemisphere. This has important implications for simulating 
ozone in the model. 
Annual and interannual variability 
Butchart and Austin (1998) show that there was less interannual variability than 
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observed in both hemispheres of the low and mid-stratosphere. In the Northern 
Hemisphere there were too few early and mid-winter warmings, whereas perhaps 
a greater problem is that the Southern Hemisphere July variability tended to 
mirror that of the Northern Hemisphere January with reduced magnitude. In 
Swinbank et al. (1998) it is noted that Potential Vorticity (PV) is not conserved 
and the authors conclude that this leads to lack of ability to reproduce sudden 
warmings in the Northern Hemisphere and the break up of the vortex in the 
Southern Hemisphere. 
Stationary planetary waves in the upper stratosphere are too strong in January 
and July and the seasonal cycle during the Southern Hemisphere winter agrees 
better with Northern Hemisphere winter observations (Butchart and Austin, 
1998). Swinbank et al. (1998) note that planetary waves are too strong at upper 
levels (10mb) especially in Southern Hemisphere winter. This is thought to be 
due to poor representation of gravity wave drag at upper levels. 
In the extratropics the annual cycle is well produced in terms of timing and 
interannual variability. However, at the equator there is no QBO present in the 
model, as with all but a few GCMs and the Semi-Annual Oscillation (SAO) is 
present to some extent in the upper stratosphere / lower mesosphere, but without 
a true westerly phase. Swinbank et al. (1998) note that due to the lack of QBO, 
the model doesn't represent westerlies, so there is an overall easterly bias in the 
tropical stratosphere. Attempts to parameterise sources of gravity waves other 
than orographic ones have successfully produced a QBO-like signal in the UM 
(See page 72) 
Water vapour 
H2 O in the troposphere undergoes many processes, but in the stratosphere it is 
essentially treated as a passive tracer which doesn't interact with the radiation 
scheme or react chemically. In the real atmosphere water vapour undergoes oxi-
dation by methane, especially in the middle and upper stratosphere (See Section 
2.4.1). Figure 4.8 compares the zonal mean January water vapour climatology 
from the UARS reference atmosphere, to the model January water vapour field 
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Figure 4.8: Zonal mean January mean H 2 0 for the UM in 1979 (top left), the UM 
in 1984 (top right) and the URAP climatology (bottom) 
from 1979 (at the start of the run) and 1984 (5 years into the run). The model 
1979 water vapour distribution is similar in magnitude and shape to the UARS 
climatology, but it is evident that five years into the model run (1984), with no 
methane oxidation, the stratosphere has completely dried out and has a very un-
realistic water vapour distribution. It is for this reason that long runs prescribe 
a water vapour climatology for use in the radiation scheme in the stratosphere at 
present. 
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4.5 Coupling chemistry to the dynamical UM 
With the increase in computing power available, many groups are now attempting 
to couple stratospheric chemistry routines to GCMs. The ARPEGE climate 
model (Déqué et at., 1994) predicts the ozone distribution internally and other 
models (Dameris et at., 1998; Shindell et at., 1998) have interactive chemistry 
which allows these groups to look at the future development of the ozone layer. 
Austin et at. (1997) and Austin et al. (1999) have attempted several one-year 
runs of a 49 level version of the UM with coupled chemistry for the 1970s, the 
present day and into the future to study the ozone decline and possible recovery. 
However, the long term stability of this model still has to be validated before 
multi-decadal simulations can be performed. This science is still very much in its 
infancy and there is much scope for improvements to be made. 
The sulphur cycle 
One chemical process which is already implemented into the model is the sulphur 
cycle. It aims to represent mixing, transport, dry and wet scavanging and simpli-
fied chemistry of sulphur. It allows for natural oceanic (dimethyl sulphide) and 
volcanic (sulphur) sources as well as anthropogenic SO 2 . The sulphur field is also 
subject to oxidation by various oxidants (prescribed) to produce three 'modes' of 
aerosol: Aitken, accumulation and dissolved. 
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4.6 Summary 
This chapter has dealt with the development of General Circulation Models 
(GCMs), the various methods used in this type of modelling and indicated the 
present state of such atmospheric models. In particular we have looked in detail 
at the UM which will be used in the remainder of this work and covered the 
following areas: 
. An introduction to the UM and discussion of its formulation: The resolu-
tion, dynamical core, physical parameterisations and the datasets used to 
force the model. 
. A detailed outline of the transport schemes available in the model and 
discussion of their relative merits and problems. 
. Presented a brief overview of the stratospheric/mesospheric climatology of 
this model version, including winds, temperatures and water vapour. 
The next chapters study in detail the transport processes occurring in this model, 
to allow us to interpret future coupled chemical-dynamical modelling studies more 
easily. 
Chapter 5 
Age of air in the UM 
This chapter studies a concept known as the 'mean age' of stratospheric air, an 
indicator of large-scale stratospheric transport mechanisms, which can be derived 
from both observations of trace gases and modelling experiments. The first sec-
tion introduces this concept and summarises the numerous estimates of mean age 
from observations of trace gases in the literature. The second section looks at how 
to model mean age and the mean age in the UM. The final section compares our 
modelling results to observations as well as other modelling studies and assesses 
the UM's ability to compute this quantity correctly. The calculation of mean age 
in the UM was initiated as part of the GCM-Reality Intercomparison Project for 
SPARC (GRIPS) project (Pawson et al., 2000). 
5.1 Age of stratospheric air 
In this section we first introduce the concept of the mean age of stratospheric air, 
describe how it can be derived and explain its relevance as a test of stratospheric 
transport. We look at mean age inferred from observations of trace gases and 
discuss possible shortfalls of this procedure. 
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5.1.1 What is Mean Age of stratospheric air? 
The concept of the mean age of stratospheric air was introduced by Kida (1983) 
and was further developed by Hall and Plumb (1994). If we consider that air 
enters the stratosphere at the tropical tropopause and travels largely upwards in 
the tropics then polewards and downwards at mid- to high latitudes and returns 
to the troposphere, as indicated by the Brewer-Dobson circulation, then it fol-
lows that stratospheric air is older (it is longer since it was in contact with the 
troposphere) as we continue up and around this large-scale cell. However, rapid 
irreversible (quasi-horizontal) mixing along isentropes also occurs, so that any 
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Figure 5.1: Schematic diagram showing a range of possible transit times (U-t3) from 
the tropical tropopause to a point A in the stratosphere 
Hall and Plumb (1994) define two quantities concerned with the range of possible 
ages contained within this parcel of air, A. The 'Age Spectrum' is defined as 
the statistical distribution of transit times of all the irreducible elements that 
comprise the air parcel, A and the 'Mean Age' is defined as the mean over this 
age spectrum (Figure 5.2). So the age spectrum can be considered as a frequency 
plot telling us how long each molecule in a given parcel A took to reach this 
position from the tropical tropopause whereas the mean age of a stratospheric 
I 
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air parcel is the average time taken by all the molecules in parcel A to complete 
the aforementioned journey. The mean age of air at a given location can be 
considered as a time-scale which summarises the ability of the stratosphere to 
transport material from the troposphere to that particular place. 






Figure 5.2: Typical age spectrum for a given point A in the stratosphere. The mean 
age of air is also indicated 
How can we measure the mean age of stratospheric air? 
If we could obtain information on the age spectrum, then the mean age could be 
calculated from this information. However, it is not possible to make observa-
tions of trace gases and infer the exact age of each element within the parcel of 
air being measured, but this is a feasible method of calculating mean age from 
modelling results. What we can measure at any given point in the stratosphere 
is a concentration of some trace gas. 
A method of inferring mean age is suggested by Hall and Plumb (1994) who show 
that if we know the concentration of a gas at the tropopause and at a given place 
in the stratosphere A, then the mean of the age spectrum at A and the time lag 
between the concentration at A and the time that concentration was last seen at 
the tropopause, are equivalent if two criteria are fulfilled 
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. the trace gas has a tropospheric concentration increasing linearly with time 
If we can observe or model a trace gas whose concentration increases linearly with 
time in the troposphere and is inert, then we can calculate the age of stratospheric 
air by looking at the time lag between a concentration being observed at the 
tropical tropopause and the time it is observed at each point in the stratosphere. 
Why is Mean age important? 
In the large-scale, air is moved around the stratosphere in the Brewer-Dobson 
circulation (See Section 2.1.1), so it is hoped that studying the age of air will allow 
us to infer details regarding the strength of this stratospheric air motion. It also 
implies information about the rate of transport of pollutants into and around the 
stratosphere. Therefore it should be able to tell us more about factors regulating 
stratospheric composition and help us to predict the response of stratospheric 
constituents to climatic chemical change and anthropogenic influences (Boering 
et al., 1996). 
Hall et al. (1999) point out that there is a high correlation between the mean 
age of air and photochemically active species, such as N 2 0 and Cl present in 
the stratosphere. The longer air stays in the stratosphere, the greater its age, 
the less its N2 0 by photolysis and the greater its Cl which is produced via 
photolysis of CFCs. Age of air has also become a quantity of interest in polar 
ozone studies, has been used to calculate the total chlorine budget of this region 
(Woodbridge et al., 1995) and to infer ozone depletion potentials (ODPs) of CFCs 
and other chlorine and bromine-containing compounds (Pollock et al., 1992). 
Harnisch et al. (1996) also used mean age to estimate historical emissions records 
of anthropogenic substances whose tropospheric concentrations have not been 
recorded. This implies that if we cannot model correctly the mean age of air 
then modelled chemical species will also be incorrect, leading to further errors 
in chemistry routines and meaningless model results. An incorrect calculation of 
mean age therefore leads to incorrect information concerning the ability of other 
chemicals to destroy ozone, say. 
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Mean age can be derived from observations of trace gases as well as modelling 
studies so it serves as a useful test of model transport and a method of comparing 
models and data. A better understanding of the Brewer-Dobson circulation in the 
model will improve the interpretation of future chemical-dynamical simulations. 
5.1.2 Mean age inferred from observations of trace gases 
Which tracers can be used? 
We will describe briefly the tracers which have been used in the estimation of the 
age of stratospheric air to date, outlining their main characteristics: 
Sulphur hexafluoride (SF 6 ) is used mainly for electrical switching and insula-
tion (Niemeyer and Chu, 1992) and in blanketing or degassing molten aluminium 
or magnesium (Maiss and Brenninkmeijer, 1998). It has no known natural source 
(Ko et al., 1993). It can be destroyed in the mesosphere by photolysis and re-
action with O(1D), H and OH, but these processes are very slow and SF 6 has a 
lifetime of thousands of years (Ravishankara et al., 1993; Ko et al., 1993). It has 
a present day (1993) loading of 2.5 pptv (Ko et al., 1993) and its tropospheric 
concentration increases at around 0.24 pptv year 1  (Hall, personal communica-
tion). S17 6 is an ideal tracer to be used in the estimation of the age of air in the 
middle atmosphere (Maiss et al., 1996). 
Tropospheric concentrations of carbon dioxide (CO 2 ) have been 'increasing 
throughout the industrial period due to fossil fuel combustion, at an average 
rate of 1.4 ppmv year . Superimposed on this trend is a large annual cycle in 
the troposphere due to the seasonal change in uptake and release of CO 2 by the 
biosphere (Hall and Prather, 1995) and seasonal amplitudes range from 1 ppmv in 
the Southern Hemisphere, to 3 - 15 ppmv (increasing poleward) in the Northern 
Hemisphere, the two hemispheres being 6 months out of phase (Boering et al., 
1996). They show also that the seasonal cycle is communicated to the lower 
stratosphere (below 19 km) at all latitudes and is evident at greater altitudes 
in the tropics. CO 2 also has a small source in the stratosphere from methane 
oxidation by the following reaction (See Section 2.4.1): 
SVI 
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CH4 + 202 - CO2 + 2112 0 
Boering et al. (1996) accounted for this small source of CO 2 (by CH4 oxidation) 
in their age calculations, by considering simultaneous measurements of CH 4 , com-
bined with the method adopted by Dlugokencky et al. (1994). It has a current 
tropospheric loading of around 360 ppmv (Boering et al., 1996). 
CFC-115 (CF 3 CF2 C1) is an anthropogenic chlorofluorocarbon with a tropo-
spheric concentration of 3.1 pptv in 1989 and an annual increase of around 10 
%. This trend is not as clearly established as that for CO 2 , due to sparse mea-
surements. It is believed to be almost inert in the stratosphere with a lifetime of 
around 500 years (Pollock et al., 1992) 
Tetrafluoromethane (CF 4 ) has a natural background concentration of around 
40 pptv and is detected in fluorite and granite samples. There are two significant 
anthropogenic sources: primary aluminium production and plasma etching pro-
cesses in the semiconductor industry. Its concentration increases linearly by 1.0 
pptv year 1  due to these anthropogenic sources (Harnisch et al., 1999) 
Hydrogen fluoride (HF) has no known natural sources in the stratosphere, but 
is thought to be formed entirely by the transport of CFCs from the troposphere to 
the stratosphere and their subsequent photolysis and release of fluorine. A time 
lag can be calculated between the amount of total fluorine leaving the troposphere 
and the concentration of hydrogen fluoride in the stratosphere. The fluorine from 
CFCs will be converted into HF (Russell III et al., 1996). (As the total amount 
of F leaving the troposphere increases linearly, so does the amount of HF higher 
in the stratosphere). It is the ultimate fluorine sink (Zander et al., 1994). 
Carbonyl fluoride (COF 2 ) is the most important fluorine reservoir in the 
lower and middle stratosphere, contributing highly to inorganic fluorine in this 
region. CFC-12, for example, is thought to break down to produce one molecule 
of COF 2 , which subsequently photolyses to form two molecules of HF. Similar to 
the method outlined above with HF, due to the exponential increase in fluorine-
containing CFCs in the troposphere, the time lag between the total inorganic 
tropospheric fluorine budget can be compared to the total upper stratospheric 
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inorganic budget, believed to be just HF + 2C0F 2 , to get an estimate of mean 
age (Zander et al., 1994). 
Mean Age from observations 
Mean age of stratospheric air has been inferred from many observations of gases 
such as SF 6 and CO2 . There are no global-scale measurements of these gases in 
the lower stratosphere, so mean age estimations are in the form of vertical profiles 
up to 37 km collected on sondes at a particular time and location (Bischof et at., 
1985; Schmidt and Khedim, 1991; Harnisch et at., 1996; Patra et at., 1997), or 
vertical profiles to higher altitudes by rocket (Harnisch et at., 1999). Others 
have been collected aboard the ER-2 research plane, showing the variation of age 
with latitude at a given height and longitude (Pollock et al., 1992; Woodbridge 
et at., 1995; Elkins et al., 1996; Andrews et at., 1999). The age of air has also 
been inferred from gases collected on shuttle flights (Zander et al., 1994) and 
globally from HALOE satellite measurements (Russell III et at., 1996). Schmidt 
and Khedim (1991) note that in their observations the mean age of air has varied 
periodically over the last two decades and they suggest that this is due to a 
periodic change in the intensity of the large-scale transport processes (vertical 
convective transport and planetary wave activity) which could be modulated by 
ENSO. 
These measurements are summarised in Table 5.1. It is evident that mean age 
observations increase with altitude at a given latitude and polewards at a given 
height in the stratosphere. Also most estimates of age which occur at the same 
position tend to agree, independent of the species from which the mean age was 
derived, or the year in which the observations were made. 
Problems involved with inferring mean age from observed trace gases 
There are two main pitfalls when inferring the age of air from observations of 




































Where 'Which  i  Ii gas Age hiferr d 
GROUND MEASUREMENTS 
Maiss et al. (1996) 178-94 71S-50 N 4 stations I SF 
VERTICAL PROFILES FROM SONDES - UP TO 35 km 
Bischof et al. (1985) 79/82/84 44N CO2 5 yr, 20 km 
Schmidt and Khedim (1991) 82-90 all seas 44N and 68N CO2 5.6 yr, 24 km 
Harnisch et al. (1996) 87 spring 17N SF6 1-3 yr, 17-21 km 
93 44N 3-5 yr, 17-21 km 
92/95 winter 68N 5.5-7.5 yr, 17-21 km 
8-10 yr, 30 km 
Patra et al. (1997) 94 April 17N SF6 4.3 yr, 27-37 km 
RASMUS - ROCKET-BORNE SONDE - UP TO 61 km 
Harnisch et al. (1999) 87/88 68N CF4 7 yr, 25-44 km 
 11 yr, 56-61 km 
ER-2 FLIGHT MEASUREMENTS 17-21 km 
Pollock et al. (1992) Jan 89 62-89N CFC-115 4.4 yr, 17-21 km 
Woodbridge et al. (1995) 1991-92 subtropics-N pole CO 2 :N 2 0 5 yr high lat, mid-strat. 
Boering et al. (1996) 11/92-02/96 70S-51N CO2:N 2 0 2 yr at mid-lats, 15 km 
5 yr mid-lats, above 25 km 
Elkins et al. (1996) 1994 70S-61N SF6 3.5 yr mid-lats, 17-21 km 
1.5 yr tropics, 17-21 km 
Andrews et al. (1999) 1994-1997 5S-5N CO2 0.4-0.6 years, 460K 
SPACE SHUTTLE MISSIONS - UP TO 55 km 
Zander et al. (1994) 	185/92 11 30N-54S COF2 + I-IF 5-6yrs subtropics, 35-55 km 
HALOE SATELLITE MEASUREMENTS 
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increase in concentration in the troposphere which means that a simple time-lag 
calculation of age is not valid. Secondly, little is known about the behaviour of 
these gases in the upper atmosphere and it may be incorrect to assume that they 
are inert everywhere. 
It has been suggested that SF 6 is not inert throughout the entire atmosphere but 
is in fact destroyed by photolysis and electron capture in the mesosphere (Ray-
ishankara et al., 1993). If this is the case then age calculated from observations 
assuming SF6 was inert, would be too old in the regions where stratospheric air 
has previously passed through the mesosphere (the polar stratospheric region). 
Hall and Waugh (1998) modelled SF 6 with various loss rates in the mesosphere 
and estimated their effect on mean age calculations. They found that the age of 
air in the polar middle stratosphere is overestimated by up to 65 % (dependent 
upon the loss rate imposed) if calculated with a simple time lag and no account of 
mesospheric loss. They also note that although only a small number of particles 
in any stratospheric air parcel may have traversed the mesosphere, these elements 
will have the longest transit times and will contribute heavily to the mean age. 
Mean age throughout the rest of the stratosphere will be much less affected and 
Hall et al. (1999) choose to model S17 6 without this mesospheric sink. 
CO2 , for example, has an annual cycle in the troposphere superimposed on the 
linear increase, this annual cycle also propagates into the stratosphere and leads 
to additional problems when calculating the mean age. Hall and Plumb (1994) 
warn that the annual cycle in CO 2 will introduce ambiguities into the mean age 
calculation especially in the lower stratosphere where the mean age is likely to be 
less than a year. To a lesser extent, it also affects the calculations in the middle 
and upper stratosphere. Most CFCs have followed some kind of exponential 
increase in tropospheric concentration since their introduction. However, mean 
age may be inferred from the lag time of such a gas in the stratosphere with little 
error (less than 10 %) if the time constant for exponential growth is 7 years or 
more (Hall and Plumb, 1994). 
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5.2 Modelling mean age 
This section outlines the various methods which have been used previously to 
calculate mean age from a model integration. It goes on to describe the model 
setup in the UM and explains how we calculated this quantity. The mean age in 
the UM is then presented and discussed. 
5.2.1 Modelling mean age of the stratosphere 
The first modelling study of stratospheric mean age was conducted by Kida (1983) 
who modelled the motion of particles from the tropical tropopause into the strato-
sphere, as trajectories in a hemispheric GCM. Age spectra for the tropical, mid-
latitude and polar stratosphere were produced from the transit times of these 
particles, allowing calculation of the mean transit time. 
Several groups have modelled the age of air and two methods predominate over 
this trajectory method. Firstly, a tracer with a linearly increasing tropospheric 
source with no stratospheric sources or sinks is introduced and the time lag be-
tween the concentration at a point in the stratosphere and the time it was last 
seen at the tropical tropopause is taken as the mean age of air. This is similar 
to looking at the observed increase in tracers such as SF 6 and CO2 , for exam-
ple. This method has been adopted in many studies using 2D models (Bacmeister 
et al., 1998; Flemming et al., 1999), Chemical Transport Models (CTMs) (Waugh 
et al., 1997), in 2D / CTM model comparisons (Norton and Iwi, 1999; Hall et al., 
1999) and in GCM calculations (Manzini and Feichter, 1999; Eluszkiewicz et al., 
2000). It will also be adopted in this study. 
Secondly, attempts are made to model the age spectrum by introducing a pulse' 
of tracer in a limited area of the troposphere for a short time period and studying 
the progress and spreading out (in space and time) of this signal as it proceeds 
through the stratosphere. A time-concentration plot of this tracer at a given 
point in the stratosphere is equivalent to the age spectrum at that point and the 
mean age can be calculated from this information. This method has been used 
by Hall and Plumb (1994) and was adopted in all the models which took part in 
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the Models and Measurements II (MMII) study (Hall et al., 1999). 
Hall et cii. (1999) showed that the mean age inferred from both the above meth-
ods is almost equivalent. They also demonstrate that the mean age is virtually 
independent of the exact source region specified in the troposphere. The vari-
ation of the source region has also been tested in the UM; ages derived from a 
limited-latitude source (30°N-60°N) and a global source are virtually identical. 
This allows us to be more confident in comparing our modelling results with other 
groups who have set up the experiment in a slightly different manner to ourselves. 
5.2.2 Mean age in the UM 
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Figure 5.3: UM zonal mean tropical vertical velocity (mm s 
') 
for 1994/5. Plot 
extends from 100-0.1 hPa and 30°S-30°N 
In order to calculate mean age in the UM an SF 6-like tracer was included in the 
model, whose concentration increased linearly with time at the ground (in the 
bottom level of the model) at a rate of 0.24 pptv, where the concentration was 
uniform over the whole globe. The model was run in the Atmospheric Model Inter-
comparison Project II (AMIPII) configuration. The start date was 18t  December 
1978 and the concentration was initialised as zero everywhere. In this case we 
ran the model for the whole AMIPII period, more than 17 years. Hall (personal 
communication) suggests that the model must be run for at least twice the mean 
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age in the upper stratosphere for it to have come to equilibrium. 
The experiment was carried out twice, firstly with the tracers advected by the Roe 
advection scheme and secondly with the tracers advected by the Heun scheme. 
In both model runs the underlying dynamics (wind, temperature and moisture 
fields) were identical since they both used the Heun scheme for advection of the 
primary variables, water vapour and potential temperature. The annual mean 
zonal mean tropical vertical velocity field in the model is shown in Figure 5.3. 
This agrees with calculations of lower stratospheric time-mean vertical velocities 
in the tropics by Mote et al. (1998) of 0.2 mm s '. These vertical velocities 
are identical regardless of the advection scheme chosen for the tracers (We will 
consider the vertical velocity along with advection and diffusion in section 6.4). 
The concentration of this SF 6-like tracer is then converted into a mean age of 
air by calculating the time lag between the concentration at a given point and 
when that concentration was last seen at the tropical tropopause (100 hPa, 15°N-
150 S zonal mean). Figure 5.4 shows the evolution of DJF mean zonal mean SF 6 
and the corresponding mean age throughout the run, with (a) the Roe scheme 
and (b) the Heun scheme at four points in the stratosphere; equatorial 100, 10 
and 1 hPa and 65°N 10 hPa. It is evident that after about 7 or 8 years, the 
SF6  concentration increases almost linearly at each point with both advection 
schemes and the inferred ages are tending towards some constant value, although 
there is some inter-annual variability, especially in the case of the Heim scheme. 
We therefore show plots of mean age averaged over the last two full years of the 
run, 1994 and 1995. 
The zonal mean annual mean age of air in the UM is shown in Figure 5.5a 
for the Roe advection scheme and Figure 5.5b for the Heim advection scheme. 
Immediately evident is that the two advection schemes produce very different 
ages, with the Roe scheme only producing air as old as 3 years, whereas the Heim 
scheme produces ages in excess of 5.5 years old in the lower stratospheric polar 
regions. We will discuss possible reasons for the disparity of mean age produced 
by differing advection schemes in section 5.3.2, but first we will concentrate on 
similarities in the distribution of age with the two schemes. 
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Figure 5.4: Evolution of DJF zonal mean SF, and age throughout the model run for: 
top, Roe scheme; bottom, Heun scheme. 100 hPa, equator (solid), 10 hPa, equator 
(dotted), 1 hPa, equator (dashed), 10 hPa, 65°N (dash dot), 
In both cases the youngest air appears in the tropics and the lower stratosphere 
and the age increases towards each pole and with height. This is to be expected in 
view of the predominant meridional circulation, the Brewer-Dobson circulation, 
with ascending air in the tropics, poleward and then downward motion over the 
poles. Hall et al. (1999) in their comparison of models, make a classification of 
model by the shape of the age distribution (Figure 5.6). The first class is those 
which have the oldest air in the polar lower stratosphere, where the contours 
of equal age around the tropics are vertical or even convex with respect to the 
tropics. This is the 'Tropical Pipe' model, implying that the tropics are very 
isolated and there is not enough dilution between tropics and mid-latitudes. The 
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Figure 5.5: Zonal mean annual mean age of air (years) in the UM relative to the 
tropical 100 hPa. a: Roe Scheme, b: Heun scheme 
stratosphere and contours are rather peaked in the tropics. The third and final 
class 'No Pipe' consists of those models whose age contours are rather flat and it 
appears that the tropics are not at all isolated from the extratropics as there is 
too much dilution occurring. 
Comparing the shape of the UM mean age contours (Figure 5.5) to the schematic 
(Figure 5.6) shows that both schemes fall into the Leaky Pipe class B, but that 
the Heun scheme has the oldest air in the lower polar stratosphere and is perhaps 
104 
Chapter 5 
	 of air 
Class - 
Class C - 'No Pipe' 
+ 	+ 
Figure 5.6: Classification of Mean Age: A schematic diagram of the zonal mean 
stratosphere showing typical contours of mean age in red and the areas of oldest air 
marked by a blue cross, for the Pipe case (top), Leaky Pipe case (middle) and No 
Pipe case (bottom). Adapted from Hall et al. (1999) 
erring towards the Pipe class A with too confined a tropical region. The Roe 
scheme is perhaps on the border between this and the No Pipe class C, with the 
distinction between tropics and extratropics being less well defined. 
As stated our results tend to fall into the Leaky Pipe classification where the 
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tropics are somewhat isolated from the extratropics for a certain altitude range. 
In the lower stratosphere, however, there is rapid dilution between the tropics 
and extratropics, with the more isolated region occurring above 50 hPa. These 
tropical-extratropical barriers to transport and their variation in strength are con-
sidered in more detail in section 6.5. With the Roe scheme, mean age increases 
fairly steadily with altitude at all latitudes, however with the Heun scheme, there 
is a much larger vertical gradient in mean age in the extratropical lower strato-
sphere. This sharp gradient implies a large reduction in vertical mixing between 
the troposphere and the atmosphere above this region. This is possibly masked 
in the case of the Roe scheme by its diffusivity. This implies there is more un-
realistic numerical mixing occurring with the Roe scheme. In general the Heun 
scheme tends to produce much bigger gradients in mean age, both vertically and 
between the tropics and extratropics. In the upper stratosphere and mesosphere 
in both cases, the mean age is fairly uniform. This is due to the rapid vertical 
and horizontal mixing occurring in this region. 
Figure 5.7 shows the monthly mean age in January, April, July and October with 
the Roe scheme. Similar patterns were seen with the Heun scheme and therefore 
will not be shown. Inter-seasonal variability is small compared to the inter-
advection scheme differences. There is little seasonal variation of mean age in the 
tropics, the largest differences being in the polar regions, where mean age differs 
by around half a year. This is due to rapid descent of old air from the mesosphere 
into the winter polar stratosphere. Also evident is the effect of the mid-latitude 
surf zone, especially in the Southern Hemisphere in July and October. Between 
80 and 10 hPa, there is a large tropical-extratropical gradient in mean age around 
20'S, then the contours flatten considerably implying a horizontally well-mixed 
region (the surf zone), with another strong horizontal gradient evident at around 
600 S. 
106 
Chapter 5 	 Age of air 
ROE(VL) Age Jan 1994/5 	 ROE(VL) Age Apr 1994/5 
0.1 
	




_____ 	 40 
CL 	 I 	.2 CL I 





- 	 30 
20 20 
latitude 	 latitude 














.. 	 :° I 	f\ 'K 730 
20 
100.0. 	 100 
latitude 	 latitude 
Figure 5.7: UM monthly mean zonal mean ageof air (years) for Jan, Apr, Jul and Oct 
average of 1994/5. Advection with the Roe Scheme 
5.3 Comparison of UM mean age with other 
models and observations 
Firstly we will consider mean age in other modelling studies, present the results 
of two such model runs and indicate similarities and differences from our results. 
We then go on to discuss advection schemes and how they affect the calcula-
tion of mean age and finally compare our modelling results to age inferred from 
observations of SF 6 and CO2 . 
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5.3.1 Comparison of UM with other models 
Many such age of air modelling studies have been undertaken before and are 
used to imply information regarding the large-scale circulation of the model, as 
discussed previously. The first age of air study (Kida, 1983), found trajectory 
parcels to take at least 2.5 years to travel through the stratosphere to the mid-
stratosphere polar region in a hemispheric GCM. With a CTM, Hall and Plumb 
(1994) found air up to 4 years old in the extratropical tipper stratosphere and 
Waugh et al. (1997) infer ages as large as 10 years in the Southern Hemisphere 
winter of the same region. Flemming et al. (1999) find ages of up to 5 years in 
their 2D model and Mauzini and Feichter (1999) up to 4.5 years in a simulation 
with the MAECHAM4 GCM. Hall et al. (1999) compare the mean ages of all the 
2D models and 3D CTMs which took part in the MMII inter-comparison, finding 
that mean ages vary by more than a factor of two between the 21 models, with 
the maximum age ranging from 2 - 7 years. 




Figure 5.8: Annual mean zonal mean age of air (years) in the SLIMCAT CTM. Plot 
extends from 100 to 10 hPa. Plot provided by W. Norton 
Some recent calculations of mean age in other models are presented here. Figure 
5.8 shows the zonal mean annual mean age of air from 100 to 10 hPa in the 
SLIMCAT CTM driven by horizontal winds from UKMO analyses, using the 
Prather second order moments advection scheme. This model produces much 
older air than the UM (Consider the same vertical section of Figure 5.5). This is 
thought to be partly due to the fact that this model uses isentropic vertical levels 
and smaller vertical velocities. Mean age contours are, however, similarly aligned 
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Figure 5.9: Monthly mean zonal mean age of air in the MAECHAM model in January 
(left), and July (right). Plots extend from 100 to 0.01 hPa. Plot from Manzini and 
Feichter (1999) 
The January and July mean zonal mean age from 100 to 0.01 hPa in the MAECHAM4 
model (Figure 5.9) falls in between that calculated for the Roe and Heun schemes 
in the UM. The tropics seem less isolated than the Heun scheme age, but there 
is a similar large vertical gradient of age in the lower stratosphere. 
Why does mean age differ between models? 
As suggested above in other modelling studies, the mean age can vary widely 
between models, both in magnitude, sometimes by more than a factor of two, as 
well as in the distribution or shape of the mean age contours. Several reasons 
for differences between model ages have been suggested in these studies and are 
listed below. 
• Strength of the residual circulation. If a model has a weaker Brewer-
Dobson circulation than other models, that is if there is weaker upwelling 
in the tropics and downwelling over the poles, then it is likely that this 
will produce an older age throughout the entire stratosphere, as air and 
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• Strength of quasi-horizontal mixing. At a given height or pressure 
level above the lower stratosphere, air in the extratropics is older (and has a 
lower concentration of SF 6 or CO2 ) than the new tropical air which recently 
entered the stratosphere from below. If this older extratropical air mixes 
into the tropics, then this would make concentrations of SF 6 in the tropics 
lower (and therefore older). This older air with lower SF 6 concentration 
is then advected around the stratosphere as previously, making the entire 
stratosphere appear older. It follows that if there is a high amount of air 
mixed into the tropical air from the extratropics, this will serve to increase 
the age throughout the entire upper atmosphere. If young air mixes from 
the tropics to the extratropics, this will reduce the latitudinal gradient in 
the tracer and mean age, but it will not change the magnitude of age over 
the greater part of the stratosphere. 
• Model resolution and co-ordinate system. Changing a model's reso-
lution or co-ordinate system is known to invoke changes in model climate 
and it is likely that this could cause a difference in the mean age calculated 
although it is uncertain as to what effect this would have. Changes in the 
dynamics and circulation strength occur when resolution is altered. 
• Advection algorithm. All advection algorithms will suffer from some 
amount of implicit numerical diffusion. Hall et al. (1999) note that differing 
advection algorithms will result in some form of tracer diffusion representing 
transport due to unresolved motions, but suggest from their studies that 
the choice of advection algorithm is of little importance in determining the 
mean age. We will return to this point in Section 5.3.2. 
• The frequency of sampling of winds (for CTMs). CTMs will only 
generally use wind data which is sampled once every six hours, or daily 
rather than once every GCM timestep. This is likely to cause big differences 
in simulated fields over a long time-scale (Waugh et al., 1997). 
Hall et al. (1999) conclude from their study that the most important factor in 
determining mean age is the magnitude of tropical upwelling. 
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5.3.2 The role of advection in determining mean, age in a 
wish F I 
The Heun and Roe advection schemes have been shown to produce differing 
results. This experiment really highlights the differences between the two schemes 
when conducting a long climate run. The Heun scheme is capable of producing 
ages almost twice those seen with the Roe scheme (Figure 5.5). As we will see 
in chapter 6, the two schemes also produce tape recorder signals which ascend at 
different rates. 
In line with the fact that the Roe scheme is more diffusive, it produces rather 
young air and a tape recorder signal which ascends rather rapidly. Conversely, 
the Heun scheme is not diffusive, has older air and a slower tape signal (We will 
return to this point in section 6.3). If we consider age as a marker of circulation 
weakness, then it would appear that the Brewer-Dobson circulation with the 
Heun scheme is weaker. However, this is clearly not the case since the underlying 
winds are identical (see Section 5.2.2), so the differences must be entirely due to 
the numerical treatment. Caution should therefore be taken when interpreting 
mean age as an indicator of large-scale circulation. 
Hall et al. (1999) did not systematically examine the impact of the advection 
scheme on the age of air in models, but compared two 3D CTMs which only 
differed in their advection algorithm (MONASH2 with a semi-Lagrangian scheme 
and GMI-NCAR with a flux-form semi-Lagrangian scheme), finding that these 
two models produced similar results. Comparison of two other models in their 
study which used the same advection algorithm and numerical formulation, but 
differing large-scale circulation (due to the forcing winds) showed large differences 
in mean age. It is for this reason that they concluded for some models, that the 
choice of advection algorithm did not affect the mean age distribution, the large-
scale features of the circulation playing a much greater role. They did, however, 
warn that further sensitivity studies into the effect of model formulation on mean 
age and transport were necessary. 
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Figure 5.10: Zonal mean annual mean age of air (years) in the SKYHI model with 
various advection schemes. (a) 2nd  order horizontal, 4' order vertical centred differ-
ence scheme, (b) pseudo-4" order scheme, (c) nonmonotonic Lin-Rood scheme, (d) 
NCAR semi-Lagrangian transport scheme, (e) a-trajectories, (f) 0-trajectories. Plot 
from Eluszkiewicz et al. (2000) 
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tion scheme that we find in the UM, has since been noted (Eluszkiewicz et al., 
2000). They examined the SKYHI and MACCM3 GCMs with various advection 
schemes and found a wide variation in the age distribution and the magnitude of 
mean age from advection scheme to advection scheme within both of these mod-
els (Figure 5.10). The oldest ages were found with centred difference schemes 
and youngest ages with semi-Lagrangian transport schemes, with the oldest air 
varying from two to ten years in SKYHI. They believe that the choice of advec-
tion scheme is as important as the degree of tropical isolation (see Figure 5.6) 
which we have already mentioned. They warn of interpreting the output of such 
experiments as an age or indicator of the GCM's large-scale circulation field, sug-
gesting that this experiment is perhaps better suited for the testing of advection 
schemes, evaluating their long-term diffusive properties. 
One possible reason for the Heim scheme appearing older is to do with its non-
monotonicity. The scheme produces unrealistic overshoots and undershoots, 
which means sometimes that the tracer concentration will become negative (Cullen 
and Davies, 1991). When this is the case, the model applies a local mass-
conserving 'fill' where tracer is 'borrowed' from neighbouring boxes to fill in the 
negative 'hole' which has appeared in the tracer. This reduces the concentra-
tion (and therefore increases artificially the age) of the surrounding boxes. It is 
thought that this repeated action will lead to overall increased age within the 
model (Boville, personal communication). Calculation of SKYHI mean age with 
monotonic and non-monotonic versions of the Lin & Rood advection scheme, 
produce mean ages of similar distribution, but with the non-monotonic version 
around 2 years older throughout the middle atmosphere (Eluszkiewicz et al., 
2000). The extent to which this affects calculations with the Heun scheme is as 
yet unknown. 
5.3.3 Comparison of UM and observed age calculations 
In order to assess which of the advection schemes produces more realistic results 
in this model, we compare our model results with the age of stratospheric air 
inferred from observations of SF 6 and CO2 . Since there are no global observations 
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Figure 5.11: UM Mean Age (rel to 100 hPa) Roe (dots) and Heun (squares), Models 
and Measurements II models. The shaded blue area is where most models lie and the 
single blue lines are the outliers in this study., SF (diamonds, asterisks, crosses) and 
CO (tringles) rneurerner.t 
Adapted from Hall et al. (1999), Figure 5. Models are compared to age inferred from 
SF 6 data: (Elkins et al., 1996; Moore et al., 1999; Harnisch et al., 1996) and CO2 
data: (Boering et al., 1996; Andrews et al., 1999) 
we cannot compare the entire field, but only vertical profiles at a given latitude, 
or horizontal latitude sweeps at the height of the ER-2 flights. Figure 5.11 shows 
a south-north profile of age at 20 km, as well as vertical profiles of mean age in 
the tropics (5°S), mid-latitudes (40°N) and high latitudes (60°N). The blue filled 
area represents where most of the models involved in the MMII inter-comparison 
fall and blue lines represent the outliers in this study. Shown in red are the mean 
114 
Chapter 5 	 Age of air 
ages inferred from measurements of SF 6 (diamonds, asterisks and crosses) and 
CO2  (triangles). Indicated by a green line are our results from the UM using the 
Roe scheme (dots) and Heun scheme (squares). 
The ages inferred from observations agree fairly well with each other whether 
they are calculated from SF 6 or CO 2 , but there is large uncertainty amongst the 
models. It is immediately evident that the majority of the models involved in the 
MMII study produce stratospheric air which is too young and in some cases with 
a completely unrealistic vertical and horizontal distribution. Some models appear 
to have the correct meridional distribution in the lower stratosphere (see top-left 
plot), but the vertical distribution in high latitudes is not the correct shape (See 
Figure 5 of Hall et al. (1999)). Looking at the UM results it is firstly evident that 
the Roe and Heun scheme produce similar shaped profiles at all latitudes, the 
Heun scheme producing consistently older air than the Roe. Age calculated with 
the Roe scheme seems always to fall into the area encompassed by the majority of 
the MMII models, but when the Heun scheme is adopted, the UM falls very close 
to the observations, both in profile shape and magnitude of age. This appears 
consistently so at all latitudes, unlike some of the MMII models which appear 
correct in the tropics but not at high latitudes. 
Given that the UM produces results of such differing magnitude by simply using 
a different advection scheme, it is questionable whether the age derived from it 
can be of use, or certainly whether the age from the UM can imply anything 
about the large-scale circulation of the stratosphere, since the wind fields in these 
two runs are identical, yet the age produced by two different advection schemes 
differs by a factor of two. 
5.4 Summary 
This section has introduced the concept of mean age, the problems associated 
with it and has summarised observational and model results from the literature. 
It has presented a study of large-scale transport in the UM, the mean age, as 
inferred from an 5F 6-like tracer. We have used two different methods of tracer 
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advection in the model, with very different results. 
The significant results from our modelling study and comparison with other re-
suits are listed below. 
. Mean age can be inferred from observations of SF 6 , CO2 and CFCs. Ob-
servations from all sources are in good agreement. 
• When using the Heun advection scheme, the UM mean age agrees very well 
with that inferred from CO2 and SF 6 observations in the lower stratosphere 
at all latitudes. However, that produced by the Roe scheme is much too 
young. This is probably because the Roe scheme is very diffusive. 
• The choice of advection scheme has been outlined as an important factor 
in determining the mean age of air in a model. Advection with the Heim 
scheme produces a mean age field almost twice that found when using the 
Roe scheme with maximum ages of 5.5 and 3 years respectively. 
• The seasonal variation of age is small in both cases, with the oldest air 
being found in the winter polar regions where there is subsidence from the 
old mesospheric air. 
• We have shown the time-scales involved in transport of material through 
the Brewer-Dobson circulation with both advection schemes in the model. 
Knowledge of these transport rates is very useful for interpretation of future 
interactive chemical-dynamcial model studies. 
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Tropical ascent and subtropical 
barriers 
- 	This chapter looks at the rising branch of the Brewer-Dobson circulation in more 
detail and examines how this tropical mean ascent is represented in the UM. 
In the first section we look at the representation of the tape recorder signal in 
the model and compare this to HALOE observations of water vapour. The next 
section introduces some idealised tracers which we will use in the following work. 
Section 6.3 uses these idealised tracers to consider how the choice of advection 
scheme affects the representation of the tape recorder signal. Next we attempt 
to quantify the amount of advection, dilution (horizontal mixing) and diffusion 
(vertical mixing) occurring at different altitudes of the tropical stratosphere in 
the UM. Section 6.5 uses the SF 6 tracer to study the variation in strength of 
the subtropical barrier to isentropic (horizontal) mixing, both in time and space. 
We compare our results from the UM with a similar analysis conducted using 
ECMWF winds. 
6.1 The tape recorder signal in the UM 
The tropical mean ascent in the stratosphere can be seen in the tropical mean 
water vapour field, which shows rising bands of moist and dry air known as the 
tape recorder signal (See Section 2.1.3). This phenomenon is captured fairly 
realistically in the UM. Figure 6.1 (top) shows a 3-year height-time series of 
117 
Chapter 6 	 The tropics 








J F M A M J JASON DJ I- M AM U JSON DI.J  I- M A M U U A S ON D 
1992 	 1993 	 1994 
	
-1.6 	1.2 	--0.8 	-0.4 	 0.0 	 0.4 	 0.8 	 1.7 





J F M A M J JASONDJ FMAMJ JASONDJ fMAMJJASOND 
1992 	 1993 	 1994 
-1-6 	- 1.2 	-0.8 	-0.4 	0.0 	0.4 	0.8 	1.2 
q (ppmv) 
Figure 6.1: The stratospheric tape recorder: The tropical mean monthly mean height-
time distribution (1992-1994) of observed HALOE V18 (12 0 N-120S) H 2 0 (top) and 
UM (150 N-150 S) H 2 0 (bottom). In both plots we show the deviation from the time-
mean at each level. 
the tape recorder signal observed in HALOE H 2 0 and as simulated by the UM. 
The model water vapour is advected with the Heun scheme. The model (Figure 
6.1, bottom) simulates both the annual cycle in water vapour at 100 hPa (near 
the tropopause) and the subsequent ascent of the moist and dry air. There are 
some limitations to this signal, however. Firstly the air at 100 hPa is too dry 
in the model, with values around 1 ppmv less than the HALOE observations 
in the Northern Hemisphere winter. The dryness is due to lower tropopause 
temperatures in the UM than is suggested in observations, e.g. ERA tropopause 
temperatures (See Chapter 7) and the lack of methane oxidation in the model 
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than that observed, with an almost semi-annual signal appearing at times, in the 
form of an extra dry signal (e.g. July and August of 1992 and August of 1994 
in the lower panel of Figure 6.1). This is due to an anomalous dry spot which 
appears in the model over the Indian Ocean at this time of year. See Nissen et al. 
(2001) for further explanation of this point. 
The signal in the model water vapour tends to ascend faster than the observations 
suggest, taking around 14 months to ascend from 100 to 10 hPa (Figure 6.2 
right, dashed line), compared with 18 months for the HALOE H 2 O data (Figure 
6.2 right, dot-dashed line). The UM is not alone in this respect, with other 
models producing tape recorder signals which ascend much too fast (e.g. Hall 
et al. (1999), Norton and Iwi (1999)). We will consider the reasons for the UM 
propagating this signal too fast in Section 6.3.1. 
Tape signal amplitude 
	
Tapesignal phase 
Figure 6.2: The fractional amplitude relative to 100 hPa (left) and phase (months) 
relative to 100 hPa (right) of the tape recorder signal. Roe scheme and idealised 
tracer (solid line), Heun scheme and idealised tracer (dotted line), Heun scheme and 
water vapour (dashed line), HALOE water vapour (dot-dashed line). The amplitude 
is defined as the standard deviation of the signal at each vertical level and the phase 
is calculated by following successive maxima and minima up through the stratosphere 
Figure 6.2 (left) shows the amplitude of the H 2 0 signal with altitude (relative to 
the 100 hPa amplitude) in the UM (dashed line) and HALOE observations (dot- 
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dashed line). The UM water vapour signal does not attenuate as much as the 
signal in the HALOE observations with increasing height. Here the UM differs 
from other models, most of which show the signal dying away much more rapidly 
with height than in the HALOE observations (e.g. Waugh et al. (1997), Hall 
et al. (1999)). We will consider this point in more detail in Section 6.3. Note 
that our estimates of both the amplitude and the phase lag of the HALOE water 
vapour signal roughly agree with those of Mote et al. (1996) using HALOE total 
hydrogen (2CH 4 + H2 0). 
HALOE observations (Mote et al., 1996) show that there appears to be increased 
ascent of the tape recorder signal during easterly shear of the QBO (i.e. where the 
wind is becoming more easterly with height). The THIN-AIR model (See Chapter 
3) with a forced QBO also produced enhanced ascent during the easterly phase 
of the QBO between 18 and 22 km (— 70-40 hPa) (Mote et al., 1996). However, 
we cannot expect to see this kind of behaviour in the UM since there is no QBO 
present in the model. Simmons et al. (1999) find that the ascent rate of the tape 
recorder signal in the ECMWF model decreases significantly when the number of 
vertical levels is increased, although with 50 levels the signal still ascends slightly 
faster than observations suggest. 
Other authors have found that moist bands are attenuated more than the dry 
ones, both in observations (Jackson et al., 1998; Harries, 1997) and also in models 
(Simmons et al., 1999). This is thought to be due to the moist air entering the 
stratosphere further from the equator than the dry air and therefore being better 
placed to be mixed with the extratropics. 
6.2 An idealised tape recorder tracer 
In order to investigate the tropical ascent further we introduced passive tracers 
into the model which are forced at the tropopause by a sinusoidal signal (repre-
senting the observed H 2 0 annual signal) as follows: The background was set to 
a value of 1.0 everywhere and in the tropics (15°N-15°S) at the model level near 
100 hPa we specified the following: 
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where t = day of year. 
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Figure 6.3: Latitude-time distribution (1992-1994) at 100 hPa of zonal mean monthly 
mean H 20 in the UM (top) and the forcing of the idealised tracer in the UM (bottom). 
Plot extends from 30°S-30°N 
Figure 6.3 compares a latitude-time series of the zonal mean idealised tape tracer 
and the model water vapour at 100 hPa in the tropics. The annual signal of our 
idealised tracer (bottom) is much more regular than the water vapour field (top) 
and is entirely confined to latitudes less than or equal to 15°, whereas the moistest 
air at 100 hPa appears north of this region near 25°N. We use this idealised passive 
tracer as it allows us to study the tape-recorder signal and tropical ascent in more 
detail without the constraints of temperature, saturation and condensation that 
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affect the water vapour field of the UM. It also allows us to compare our results 
with other modelling studies which have used similar idealised tracers. 
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Figure 6.4: Sensitivity to the advection scheme. The tropical mean (15°N-15°S) 
monthly mean height-time distribution (1979-1981) of an idealised tracer (see text) 
advected in the UM with the Heun scheme (top) and the Roe scheme (bottom) 
In Chapter 5 we showed that the age of air in the stratosphere using the Heun 
scheme was virtually double that calculated when using the Roe scheme to advect 
the SF6 tracer. We anticipate that the tape signals produced when using these 
advection schemes will also differ. Figure 6.4 shows a 3-year height-time series 
of the idealised tracer advected by the Heun scheme and the Roe scheme (with 
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the Van Leer limiter). Results with the Superbee limiter were almost identical 
to those with the Van Leer limiter and will not be shown. In both cases a fairly 
robust tape recorder type signal is produced. However, the two signals are very 
different, with that of the Roe scheme ascending much faster than that of the 
Heun scheme. This is in agreement with the age of air results which suggested 
that the Roe scheme is more diffusive and hence produced much younger air in 
the stratosphere. 
There doesn't appear to be any variation in the speed of ascent of the dry and 
moist phases, or from season to season, as might be expected from what we see 
in observations and from predictions of a stronger stratospheric pump during 
Northern Hemisphere winter. This point needs further investigation. There is 
also no year-to-year variation in speed, but as this is thought to be modulated by 
the QBO, which is not present in the model, so this is not surprising. The signal 
does appear to attenuate slightly faster at first, slowing down later indicating 
that there is more diffusion and/or dilution in the near tropopause region than 
at higher altitudes. 
6.3.1 Phase lag and amplitude 
The signal in the Roe scheme takes only 6 months to ascend to 10 hPa and the 
idealised tracer when advected with the Heun scheme takes around 15 months 
to ascend to this altitude (Compare phases in Figure 6.2 right: solid (Roe) and 
dotted (Heun)), which is in approximate agreement with the phase of the UM 
water vapour, also advected with this scheme (Same figure, dashed line). Note 
that the time taken for the annual signal to ascend to 10 hPa is much less than 
the mean age in both cases. The tropical mean age at 10 hPa is around 20 months 
and 42 months, for the Roe and Heun schemes respectively (See Figure 5.5). This 
result is to be expected and is due to the fact that the mean age is affected by 
the long tail of the age spectrum (Hall and Waugh, 1997a). 
With the Roe scheme, the amplitude of the signal decreases fairly steadily as it 
ascends to 10 hPa, but with the Heun scheme there is a rapid decrease of the 
signal in the lower stratosphere up to 70 hPa, followed by continued ascent where 
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the amplitude of the signal remains constant all the way up to 10 hPa (Compare 
amplitudes in Figure 6.2 left: solid (Roe) and dotted (Heun)). 
Gregory and West (2001) also show that the sensitivity to the phase speed of 
this signal is due to a large extent to the amount of vertical diffusion implicit 
in the schemes. The Heun scheme is non-diffusive and simulates a tape recorder 
signal fairly near to the observed speed. Predictions from one-dimensional studies 
suggest that the Roe scheme should give better results with respect to the phase 
speed than are found in the three-dimensional UM calculations. Gregory and 
West (2001) found that the performance of this scheme could be greatly improved 
by a slight change in its implementation in the model; The Roe scheme has been 
implemented in the UM with an 'entropy fixer'. This is not required since the 
transport equations are linear, so it was removed. See Gregory and West (2001) 
for further details. 
6.3.2 Spurious oscillations 
One interesting point is that with the Heun scheme (Figure 6.4, top) there is a 
spurious oscillation which develops ahead of the first dry signal. In both cases 
the model runs began on the first of December 1978, one month before the start 
of the plot. This oscillation cannot be connected to the forcing at 100 hPa or the 
spatially constant initial conditions, therefore must be unphysical. However, it 
looks remarkably similar to the ascending moist signals occurring later in time. 
This unphysical signal appears to be independent of the exact specification of the 
forcing at 100 hPa. We tried changing the forcing in two ways, firstly by applying 
the given forcing at all model levels below 100 hPa and secondly by initialising 
the model in March when the forcing is negligible compared to the background 
amount, providing less of a shock' to the advection scheme. In each case the 
amplitude and phase of the signal were similar to the original experiment and the 
spurious oscillation persisted (Not shown). 
Gregory and West (2001) examined this point in more detail in offline calculations, 
finding that other non-monotonic schemes produced such false waves ahead of the 
first dry signal, but that this unphysical oscillation could be eliminated by limiting 
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Figure 6.5: Sensitivity to monotonicity. The tropical mean (15°N-15°S) monthly 
mean height-time series of an idealised tracer in the UM, forced by the model water 
vapour in the troposphere, advected with a quintic non-monotonic NIRVANA scheme 
(top) and a quintic monotonic NIRVANA scheme (bottom). These model runs were 
carried out by Andrew Gregory. 
the scheme so that it was monotonic. Figure 6.5 shows 1-year height-time series 
of idealised tracers which are advected with a quintic NIRVANA scheme in the 
UM (Details of the scheme are given in Gregory and West (2001)) . These plots 
both show the first year of a model run. The upper panel shows that the non-
monotonic version of this scheme also produced a spurious wave ahead of the 
main signal. When we used the monotonic version of this scheme (lower panel), 
we found that this spurious oscillation disappeared and that the amplitude of the 
subsequent dry and moist phases also decreased more as they ascended through 
the tropical stratosphere. This implies that the amplitude of the tape recorder 
signal produced by the Heun scheme is also falsely strong due to the spurious 
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wave which develops due to the non-monotonicity of the scheme. 
6.4 Advection, diffusion and dilution 
We saw in the last section that the tape recorder signals produced in models differ 
in the speed with which they ascend and in the decay rate of the signal amplitude 
with height. The existence of such a tape recorder signal implies that the tropics 
are isolated from the extratropics at least to some extent. The use of independent 
periodically varying (e.g. H 2 0 or CO2) and long-lived (e.g SF 6 or CH4) tracers 
allows us to quantify the amount of advection, the speed at which the tracers 
are advected up through the tropics, diffusion, the amount of spreading out of 
the signal that occurs with height and dilution, the amount which the tropical 
air is diluted by extratropical air. Hall and Waugh (1997b) use a 1D advection-
diffusion equation to calculate a time- and space-mean rate of diffusion, dilution 
and advection speed of the tape recorder signal in the lower stratosphere using 
total hydrogen (2CH 4 + H20) and SF6 . Their estimates are shown in Table 6.1. 
Authors Dilution Diffusion Vertical 
Velocity 
10-6 	i m2 S_ 1 mm s- 
Minschwaner et al. (1996) 12-18 months = 0.02-0.03 
Hall and Waugh (1997b) 1.3 years = 0.024 0.01 0.3 
Mote et al. (1998) 0.01-0.07 0.02-0.1 0.2-0.4 
(ave = 1.6 yrs - 16-24km) 
Table 6.1: Previous estimates of dilution, diffusion and vertical advection velocity in 
the tropical lower stratosphere 
Mote et al. (1998) go on in more detail to look at how these factors vary with 
height. We follow their analysis and the basics are set out here. We want to 
simultaneously derive vertical profiles of dilution (cr), diffusion (K) and an advec-
tive vertical velocity (w). We attempt to fit time- and tropically-averaged data 





Xt + WXz = 	 - a(x - XML) + S 
P 
where X  is a tracer mixing ratio, w is the vertical advection velocity, K is the 
diffusion coefficient, p is the mean density profile, a is the dilution rate, XML is the 
mid-latitude tracer mixing ratio and S the chemical source (= -'yr for CH 4 and 
0.0 for the tape tracer). This is effectively a leaky pipe model of the stratosphere, 
where some material is exchanged between the tropics and extratropics. We can 
rewrite this as: 
Xt + WXz KX - a(X - XML) + S 	 (6.1) 
where 
K 
and H is the scale height of the atmosphere. 
This assumes: 
• Tropical air is horizontally homogeneous between 15°N and 15°S and is 
distinct from mid-latitude air (30-55°). 
• The same values of w, K and a apply to both the long-lived and annually 
periodic trace gases. 
• Dilution by mid-latitude air on a given level is a linear relaxation process 
where tropical air tends toward the mid-latitude value at rate a and zero 
phase lag. Below 20 km especially, this approximation may not be valid 
and processes are more complex than assumed here. 
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We normally want to solve such equations for x  but in this instance we want K, 
w and a calculating them by inverse-solving. If we represent tape anoma1ie by 
the form x = Ref (z)exp[i(q(z) - wt)] where w is the annual frequency and 0 is 
the phase, then applying Equation 6.1 to Cl 4 and the idealised tape tracer we 
have three equations in three unknowns: 
a([CH41 - [CH41ML) + [CH4] - 	K[CH4] 	= —y[CH4 ] 
a 	+ wT fz + K(m 2 _) 	0 
'thrn 	+ K(-2f - m) = w 
where m=q. z . At each vertical gridpoint we solve these equations for the three 
unknowns. Mid-latitude is defined as 30-55°N/S. This method is well conditioned 
if the determinant is non-singular, but this does not guarantee that the three 
quantities will be positive everywhere or have smooth profiles. We will return to 
this point later. 
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Figure 6.6: Methane vertical profiles with the Roe scheme (solid) and Heun scheme 
(dotted), for the tropics (15°N-15 0 S) (bold) and mid-latitudes 33°-55°N/S (light). 
Calculated from the 1981 annual mean (third full year of the run with CH 4 oxidation 
carried out by Ian MacKenzie) 
We input annual mean vertical profiles of Cl 4 mixing ratio in the tropics (15°S- 
15°N) and mid-latitudes (30-55°S and 30-55°N), tropical profiles of the destruc- 
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tion rate of CH 4 ( -y), the smoothed amplitude of the tape signal (f) and the phase 
of the tape signal at each height (0). We use the idealised tape tracer to calculate 
the tape amplitude and phase (see Figure 6.2), take CH 4 profiles from a UM run 
carried out by Ian Mackenzie which includes methane oxidation. The tropical and 
mid-latitude CH 4 profiles can be seen in Figure 6.6 for advection with the Roe 
scheme (solid) and Heun scheme (dotted line). Chemical reaction rates ('y, the 
destruction rate of CR 4 ) are calculated within the 2D THIN-AIR model (Chapter 
3) and they increase exponentially with height. The rate of change of phase of 
the tape signal with height, m, is calculated from the speed of ascent of the tape 
maxima and minima, wt, from the relation (Equation 5, Mote et al. (1998)): 
mw tr = W 
where w is the annual frequency. 
Figure 6.7 shows wt, the ascent speed of the maxima and minima, of the idealised 
tracers advected with the Roe and Heun schemes, H 2 0 advected with the Heun 
scheme and the HALOE data. The Roe scheme values are much larger than the 
others. These were calculated from the respective phase lags shown in Figure 6.2 
right. Also shown is the actual advective velocity, w, from the UM. Note that 
the actual advective velocity in the model is much less than the speed of ascent 
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Figure 6.7: Phase speed, wt,, calculated from the ascent of the tape recorder maxima 
and minima with the UM; Roe scheme with idealised tracer (solid), Heun scheme 
with idealised tracer (dotted), Heun scheme with water vapour (dashed) and HALOE 
observations (dot-dashed). The actual advection velocity from the UM is also shown 
(... - ... 4 
Approximate answers 
Before proceeding to the full solution, we will look for approximate answers by 
calculating the amount of dilution assuming that the diffusion is negligible (K=O): 
It follows from Equation 6.1 in the time mean (Xt = 0), we can say that for 
methane (x = [CH41): 
- WX z +7X 
XML - X 
The dilution rate, am , is shown in Figure 6.8 for CH 4 advected with the Roe 
scheme and the Heun scheme. We have also assumed that fv ''- wt, in each case. 
This gives an estimate of the dilution-rate neglecting vertical diffusion. We can 
estimate the full solution using Wentzel-Kramers-Brillouin-Jeffreys (WKBJ) the-
ory (see Appendix of Mote et al. (1998)). Essentially we assume that w = wt, 
and a = am , which means that the CH 4 alone tells us aboutthe dilution-rate 
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Figure 6.8: Vertical profile of dilution-rate, (a m ) (calculated from the ascent-rate of 
the maxima and minima) and vertical profiles of CH 4 concentration in the tropics and 
mid-latitudes, assuming some of the CH 4 decays in the tropics at rate 'y.  Roe scheme 
with idealised tracer (solid), Heun scheme with idealised tracer (dotted), Heun scheme 
with water vapour (dashed) 
alone is due to vertical diffusion. The WKBJ solution for dilution, diffusion and 
advective velocity is shown in Figure 6.9. The dilution rates are, by definition, 
identical to those in Figure 6.8 and the vertical velocities are identical to those 
in Figure 6.7 in each case. For the Heun scheme, when advecting both the tape 
tracer and the H 2 0, this leaves us with values for diffusion which are in line with 
other estimates up to 20 km, but then become negative (Figure 6.9 top right, 
dotted and dashed lines respectively). We will consider this point in more detail 
later. The values of diffusion for the Roe scheme (same figure, solid line) are very 
large, but this is perhaps to be expected since we have already established that 
the scheme suffers from a large amount of numerical diffusion. As pointed out 
this solution assumes that the advective velocity is identical to the ascent rate 
of the phase minima and maxima. However, this is clearly not the case in the 
model, since with the Roe scheme, wt, is approximately 4-5 times faster than w. 
This is something we could not have established when using only observations or 
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Figure 6.9: Vertical profiles of dilution-rate (top left), diffusion (top right) and 
advection-rate (bottom) calculated for the Roe scheme (solid), Heun scheme with 
idealised tracer (dotted) and Heun scheme with H 2 0 (dashed) using the more simple 
WKBJ method 
We will now proceed to calculating the full solution, since we know that at least 
in the case of the Roe scheme, diffusion is not negligible. 
Exact solution 
We look at the full solution of the three simultaneous equations, using the fol- 
lowing method. We interpolate the profiles onto a 50m grid to inverse-solve the 
matrix, smoothing the amplitude and second derivative profiles. Figure 6.10 
shows the simultaneous dilution rate, diffusion rate and vertical advection ye- 
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locity for each case. Comparison with the WKBJ solution in Figure 6.9 shows 
that the Heun scheme solutions are very similar using both methods. The two 
solutions only diverge a little below 20 km where there is slightly less dilution, 
more diffusion and a smaller vertical velocity in the full solution. However, the 
full solution using the Roe scheme appears not to work at all levels. The reasons 
for this are uncertain at present. Above around 25 km the solution appears to 
be sensible with dilution rates now comparable with those in the Heun scheme, 
whilst the diffusion rates remain equally high, giving a reduced advection velocity 
which looks closer to that calculated in the model. For comparison we show the 
solutions of Mote et al. (1998) in Figure 6.11. 
Firstly we consider the dilution rate, the time-scale for mixing-in of extratropical 
air to the tropics. With the Heun scheme we calculate a dilution rate of 0.02-
0.03x10 6 s 1  above around 20 km, which corresponds to a dilution time-scale 
of 12-18 months, in agreement with the calculations of other authors, but unlike 
Mote et al. (1998) we do not find a minimum in dilution-rate (maximum in di-
lution time-scale) around 22 km with either scheme. A similar calculation has 
recently been conducted using balloon measurements of SF 6 and other long-lived 
trace gases, which also concludes that the dilution time-scale does not change 
significantly with height (Volk, personal communication). The dilution rate cal-
culated with the Roe scheme is of the same magnitude as that with the Heun 
scheme above 24 km, when we calculate a, w and K simultaneously (Figure 6.10). 
Next we turn our attention to the diffusion. The rates of diffusion we have derived 
for the Roe scheme are 20-50 times larger than previous estimates. However, those 
derived with the Heun scheme are of comparable magnitude to previous work, 
although negative in places. We consider the reasons for the negative diffusion 
with the Heun scheme in the next section. 
Finally we consider the vertical velocity. The speed of ascent of maxima and 
minima in the Heun scheme (0.3-0.5 mm s') was only slightly faster than the 
actual advection velocity in the model, but the maxima and minima ascend 5-8 
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Figure 6.10: Vertical profiles of dilution-rate (top left), diffusion (top right) and 
advection-rate (bottom) calculated for the Roe scheme (solid), Heun scheme with 
idealised tracer (dotted), Heun scheme with H 2 0 (dashed) using the full solution. 
The Roe solution (solid) tends to become large and positive and then large and 
negative between 19 and 20 km; hence the near-horizontal solid lines on each plot at 
this altitude 
the full solution, all velocities including that with the Roe scheme are beginning to 
converge above 24 km, which should be the case since they were all forced by the 
same advection velocity. In order for this to happen, the solution predicts a lower 
dilution rate and more diffusion than the WKBJ method where we considered 
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Figure 6.11: Vertical profiles of (a) vertical advection rate, (b) dilution rate a, (c) dilu-
tion timescale (1/a) and (d) diffusion calculated using HALOE total hydrogen (2CH 4 
+ H 2 0) and CH 4 . The mean of six solutions using various methods of calculating and 
smoothing the amplitude profile are shown (Solid line +/-la), a further variation of 
the amplitude (diamonds) and the solution with the WKBJ method (dashed). Figure 
8 from Mote et al. (1998) 
6.4.1 Spurious oscillations revisited 
We noted in Section 6.3 that a spurious oscillation existed in the Hdun scheme 
tape recorder plots which manifests itself as a false wave amplifying the real tape 
recorder signal. We showed with a different advection scheme, that this false 
wave keeps the amplitude of the tape signal falsely strong especially above about 
60 hPa ('-' 20 km). This will influence the tape signal tracer and the H 2 0 tracer 
where we are considering the amplitude, but it will not affect the CH 4 profiles 
when we are considering the annual mean. This means that we only experience 
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this unphysical part in one of our gases (for the purpose of this analysis) and 
therefore seeking a solution is perhaps not wise. In our full solution (Figure 
6.10), the Heun scheme diffusion results are negative above 20 km, the height at 
which our tape recorder signal appears to become unphysical. This is perhaps 
due to the unrealistically strong amplitude of our tape signal. 
We therefore adapt our amplitude profile and re-solve the equations to help us 
understand if this is the reason for the solution failing. We adapt the amplitude 
profile in two ways. Firstly, the amplitude was changed by hand to decrease at a 
faster linear rate above 20 km (Figure 6.12, dotted line). Secondly, we calculated 
the fraction by which the amplitude changed, from using the NIRVANA non-
monotonic, to the NIRVANA monotonic schemes (Figure 6.5), subtracting this 
from the amplitude of our tape signal (Figure 6.12, dashed line). 
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Figure 6.12: The original UM Heun scheme amplitude of the tape recorder signal 
(solid) plus the modified amplitude by eye (dotted) and that calculated by taking 
the fractional decrease in amplitude from the quintic NIRVANA non-monotonic and 
monotonic versions (dashed) 
Re-solving the three simultaneous equations at each vertical level with the modi-
fied amplitudes gave the new dilution, diffusion and advection velocity profiles in 
Figure 6.13. The dilution and vertical velocity are not dramatically altered but 
we now do get a diffusion solution which is positive through most of the strato-
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is one reason for the solution failing. 
Dilution rate (alpha) - mod 
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Figure 6.13: Modified vertical profiles of dilution-rate (top left), diffusion (top right) 
and advection-rate (bottom) calculated with the Heun amplitude modified by eye 
(solid) and the Heun amplitude modified using the fractional difference between the 
non-monotonic and monotonic NIRVANA schemes (dashed) 
Hall et al. (1999), in comparing transport properties in a number of 2D coupled 
and 3D CTMs, considered in some detail dilution, diffusion and their relative 
importance. They defined a 'low diffusion' regime (K < 0.1 m 2 s') where the 
phase speed of maxima and minima are almost equal to the advection velocity 
and diffusion is not important in propagation speed. This would appear to be 
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Roe scheme and this seems to be the reason for the abnormally fast ascent of 
the tape signal. When considering the decay of the signal amplitude with height, 
they define a low diffusion regime (K <0.01 m 2 s', combined with high dilution 
rates) where the dilution from extratropical air is the major factor attenuating 
the signal. There are two other regimes, firstly with K = 0.01-0.3 m 2 s 1 , where 
dilution and diffusion both play roles in attenuating the signal and secondly K> 
0.3 m2 s', where diffusion dominates. Our Heun scheme solution probably falls 
in the middle regime where both diffusion and dilution have contributed to the 
attenuation of the signal, but diffusion clearly dominates the attenuation of the 
Roe scheme solution (the high diffusion regime). 
We are also interested in how these quantities vary with time, but introducing 
time variation into this type of analysis would introduce more complex terms 
into the equation and the solution would be more difficult to obtain. The next 
section uses a different technique to look at how the interaction between tropics 
and extratropics in particular, varies with time. 
6.5 Barriers to mixing in the subtropics and 
tropical areas 
As we have suggested in the previous sections, there must be some kind of barrier 
in the subtropics separating tropical and mid-latitude air in order for us to observe 
the tape recorder signal. We have also thought of the tropics as a semi-permeable 
pipe from the troposphere to the upper stratosphere, where the isolation of the 
tropical air varies with height. We noted in Chapter 2 that there are stronger 
barriers to transport when the tropical flow is easterly, since winds in the winter 
surf zone cannot propagate into this easterly flow. In the case where we have an 
easterly QBO like this, then the waves tend to break high in the winter hemi-
spheric latitudes. We always have easterly winds in the tropical area in the UM 
since there is no QBO westerly phase in the model. 
When considering barriers between the tropics and extratropics it is useful to 
think of the barriers on an isentropic surface since horizontal transport in the 
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Figure 6.14: Zonal mean January 1993 potential temperature. The model levels are 
also plotted for comparison (horizontal lines) and the plot extends from 100 to 10 
h Pa 
stratosphere is mostly adiabatic and therefore along isentropic levels. Figure 6.14 
compares contours of potential temperature with those of the model levels. In 
the tropics, isentropic and model levels are parallel, but in the subtropical regions 
they diverge. In the following plots the model output will all be interpolated onto 
isentropic levels. This figure is for reference to compare potential temperature 
and model/ pressure levels. 
We will look at the normalised horizontal gradient of the long-lived tracer, SF 6 , as 
a method of judging the amount of horizontal mixing in the stratosphere. Large 
meridional gradients imply little mixing and areas which are well-mixed tend to 
have small meridional gradients. We compare our results to another study where 
'effective diffusivity' is used as a method of judging the amount of mixing. This 
will be explained later. 
6.5.1 Barrier at 600 K 
Firstly we look at the SF 6 concentration on the 600 K isentrope (r  30 hPa in the 
tropics). Figure 6.15 presents the SF 6 field in January (top) and July (bottom). 
Concentrations are highest in the tropics as expected and fairly zonally symmet- 
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Figure 6.15: Global maps of January and July 1993 monthly mean SF 6 (pptv) at the 
600 K level 30 hPa in tropics), advected with the Heun scheme in the UM. Pink 
denotes areas of high SF 6 concentration and blue denotes areas of low SF 6 . The 
zonal wind is overlaid in white contours 
nc, apart from Northern Hemisphere winter. We now consider the normalised 
gradient of this tracer, in order to highlight the barrier regions. When considering 
the barriers we have plotted [dSF6 I1dy]/SF6 so that the barrier strength is al-
ways positive and relative to the local concentration. At this level (600 K), some 
authors have suggested that the barrier is at its strongest and the tropics are 
most isolated. Figure 6.16 shows the normalised meridional gradients of SF 6 in 
January and July in the UM when the tracer is advected with the Heun scheme. 
In January we see an area of high SF 6 gradient poleward of 70°N associated with 
the polar night jet and also two areas of high gradient either side of the equator 
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from around 10300.  The case in July is similar with high gradients surrounding 
the winter pole, as well as in the northern and southern subtropics. In both 
January and July, the subtropical barrier in the winter hemisphere appears to 
be stronger, but less zonally symmetric than the summer one. Both the summer 
and winter subtropical gradients appear to be stronger during January. This is 
in agreement with our predictions in Section 2.1.5. 
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Figure 6.16: Global maps of January and July 1993 monthly mean normalised SF 6 
gradients at the 600 K level 30 hPa in tropics), advected with the Heun scheme 
in the UM. Pink denotes areas of low SF 6 gradient (high mixing) and blue denotes 
areas of high SF 6 gradient (low mixing, or barrier regions). The zonal wind is overlaid 
in white contours 
Figure 6.17 shows the same picture for the SF 6 tracer advected with the Roe 
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scheme. As anticipated from the work on age of air and when looking at the tape 
recorders, the barriers with this scheme are much weaker than those with the Heun 
scheme. Since both advection schemes used identical winds, the barriers occur in 
the same positions, but those when using the Roe scheme are much weaker due 
to the numerical diffusion implicit in the scheme as discussed in Sections 4.3 and 
5.3.2. 
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Figure 6.17: Global maps of January and July 1993 monthly mean normalised SF 6 
gradients at the 600 K level (' 30 hPa in tropics), advected with the Roe scheme in 
the UM. The zonal wind is overlaid in white contours 
We can compare these results with those obtained using the ECHAM model 
(Figure 6.18, left: winds, right: barriers) for January. We can see a very simi- 
lar pattern of subtropical barriers in this model, also with a stronger, but more 
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disturbed barrier in the winter hemisphere. However, the SF 6 gradients in the 
ECHAM model are much stronger than the those which we find in the UM with 
either advection scheme. Again the winter hemisphere barrier appears to be more 
disturbed, as in the UM. The disturbances to the Northern Hemisphere subtrop-
ical barrier in January occur in the same two positions as in our model, over 
Central America into the Atlantic and Indonesia into the West Pacific. This adds 
to existing evidence that there may be preferred regions of tropical-extratropical 
exchange. Large tongues of tropical air extending into the extratropics have also 
been observed to extend from the western Atlantic north and eastwards over the 
Mediterranean and up into Russia in HALOE data at this time of year (Randel 
et al., 1993). During July, the Southern Hemisphere winter, there appears to 
be a break in the barrier extending from South America south and eastwards 
through the Atlantic and over South Africa. Barriers for this time of year are 
not shown for the ECHAM model, but again Randel et al. (1993) show a tongue 
of tropical air extending down through this region during Southern Hemisphere 
winter. The fact that both the ECHAM and Unified Models produce these gaps 
in the Northern Hemisphere winter subtropical barrier and that tropical air is ob-
served to move into the extratropics in both Northern Hemisphere and Southern 
Hemisphere winter in the regions indicated by the UM leads us to believe that 
there definitely seem to be preferred regions of tropical to extratropical exchange 
through the subtropical barrier in winter. 
We conclude that there are winter and summer subtropical barriers in the UM 
which are in agreement with other models and observations of trace gases. It 
is possible that this area of low mixing exists in the summer subtropics due to 
the easterly winds predominant there, which do not allow the propagation and 
breaking of waves. The summer hemisphere barriers are fairly uniform. During 
the winter the polar night jet forms, waves propagate and break into the region of 
westerly flow in mid- to high latitudes, inducing much more large scale mixing and 
forming the surf zone. This means that the winter subtropical barrier becomes 
sharper but more disturbed with the large scale mixing of mid-latitude air. There 
appear to be geographically preferred regions for exchange across the subtropical 
barrier. 
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Figure 6.18: Left: January Zonal wind on the 600 K isentrope in the ECHAM model 
(7-year mean). Contour interval is 10 m s', shading indicates > 30 m s 1 . Right: 
January normalised meridional gradients of SF 6 on the 600 K isentrope in the ECHAM 
model (7-year mean). The contour interval is 0.04x10 6 m'. Light shading > 
0.08x10 6 m', dark shading > 0.16x10 6 mI. Plots from Manzini and Feichter 
(1999) 
6.5.2 Variation with height 
We will now turn our attention to looking at how the strength of these sub-
tropical barriers varies with height. Section 2.1.4 indicated that there is some 
height-dependence to the permeability of the tropical pipe. In Chapter 5 we sug-
gested that the age distribution produced with the UM and the Heun scheme 
looked like it fell somewhere between the 'pipe' and 'leaky pipe' definitions of 
the tropical stratosphere, but that when we used the Roe scheme our age distri-
bution indicated that the model looks more like the 'no pipe' definition of the 
atmosphere. Indeed we have shown that the barriers when using the Roe scheme 
are much weaker than those with the Heun scheme at least at 600 K. Previously 
it has been suggested that the tropics are at their most isolated around 550-600 
K and we shall see that this also seems to be the case in the UM. 
We will compare our results with those of Haynes and Shuckburgh (2000a). Here 
effective diffusivity, which is a measure of the geometric structure of a tracer field, 
is used to determine areas of high mixing (such as the surf zone, high effective 
diffusivity) and low mixing (barriers, low diffusivity). The effective diffusivity 
is calculated by advecting an idealised tracer with ECMWF operational wind 
data. These effective diffusivity calculations are conducted on 'equivalent lati- 
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tude', rather than standard latitude which we have used. The use of equivalent 
latitude means that barriers are likely to be more sharply defined than these using 
standard latitude, especially in areas where a large distortion to the PV contours 
is expected (e.g. in the mid-latitudes during Northern Hemisphere winter). 
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Figure 6.19: January and July 1993 monthly mean zonal mean normalised SF 6 gra-
dient on theta levels in the UM with the Heun scheme. Pink denotes areas of low 
SF6 gradient (high mixing) and blue denotes areas of high SF 6 gradient (barrier re-
gions). The zonal mean zonal wind is overlaid with white contours. Plot extends 
from 380-850 K ( 100-10 hPa in the tropics) 
Figure 6.19 shows the latitude-height structure of SF 6 horizontal gradients for 
January and July 1993 in the UM with the Heun scheme. The zonal mean winds 
are overlaid. In January there is a barrier centred around 70°N associated with 
wind maximum of the polar jet. There is slightly more mixing inside the polar 
vortex and considerably more outside it in the region from 40-60°N, which is 
associated with the surf zone. A similar barrier can be seen coincident with the 
jet maximum around 60°S in July associated with the Antarctic vortex. In the 
subtropics there are maxima (barrier regions) in both hemispheres. The summer 
maxima appear to be coincident with the maximum in easterly wind which occurs 
in the model, whilst the winter ones appear just poleward of the zonal wind zero 
line, in weak westerlies. The maximum strength of these barriers appears to be 
at around 550-600 K dying away slowly with increasing and decreasing height. 
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the tropical area) with altitude. However, this does not mean that the amount of 
mixing out of the tropics cannot change with height. Below around 450 K, these 
barriers stop abruptly and in the lower stratosphere there appears to be an area 
of high mixing throughout the tropics and subtropics. This is in agreement of the 
findings in Section 6.4 which definitely showed a different regime below 20 km. 
Roe (VL) Jon 1993 
	
Roe (V1) Jul1993 
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Figure 6.20: January and July 1993 monthly mean zonal mean normalised SF 6 gra-
dient on theta levels in the UM with the Roe scheme. The zonal mean zonal wind 
is overlaid with white contours. Plot extends from 380-850 K (.--' 100-10 hPa in the 
tropics) 
For completeness we show the variation of height of barriers when the SF 6 tracer 
is advected with the Roe scheme (Figure 6.20). They tend to follow the same 
pattern as those with the Heun scheme, but are much weaker at all altitudes. 
We compare our results to the effective diffusivity calculations of Haynes and 
Shuckburgh (2000a) for January 1998 and July 1997 (Figure 6.21). Our pattern 
of barriers and mixing regions with respect to the zonal winds is similar to the 
pattern obtained with the effective diffusivity calculations. However, the effective 
diffusivity calculation suggests one large area of low mixing, or barrier, in the 
tropics and subtropics rather than the two distinct barriers separated by a well 
mixed area in the tropics which we see. This single barrier in effective diffusivity 
is especially so in January, but there are hints of two more distinct areas either 
side of the equator in July, similar to the pattern which we see in SF 6 barriers. 
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Figure 6.21: Zonal mean distribution of effective diffusivity in January 1998 and 
July 1997. Contours of zonal mean zonal wind (ECMWF) are superimposed. High 
effective diffusivity (pink-red) shows areas of high mixing and low effective diffusivity 
(blue-purple) shows areas of low mixing, or barrier regions. Plots taken from Haynes 
and Shuckburgh (2000a) 
One is associated with the easterly wind maximum and one with the westerly 
wind maximum occurring at this time (The westerly maximum is the remainder 
of the westerly phase of the QBO which propagated down in the earlier months 
of 1997). 
6.5.3 Seasonal variation 
We have looked at the variation of the barrier areas with height in January 
and July. We now take a closer look at the seasonal variation at each vertical 
(potential temperature) level. Figure 6.22 shows the latitude-time variation of 
the SF 6 gradient and areas of barriers and high mixing at several levels through 
the lower and mid-stratosphere (12 months at 400, 450, 600 and 850 K). Again for 
completeness we show the same plots where the tracer has been advected with the 
Roe scheme (Figure 6.23). As before the barrier regions in SF 6 distinguishable 
when using the Roe scheme, are similar to those with the Heun scheme in variation 
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throughout the year, but they are not as strong. We compare our results to 
the seasonal evolution of effective diffusivity in Haynes and Shuckburgh (2000a) 
(Figure 6.24). These plots show 18 months of data at 400, 450, 550 and 850 K. 
The gradients are low at 400 and 450 K, implying that there are small, weak 
barrier regions in the subtropics (Figure 6.22). At these levels there also appears 
to be a strong barrier associated with the Southern Hemisphere polar vortex 
around 60-80°S (We saw in the height-latitude figure 6.19 that the polar vortex 
appeared stronger at this altitude). The polar vortex barrier is also evident in 
these months at these altitudes in the effective diffusivity calculations (Figure 
6.24). At 600 K (Figure 6.19), the barrier regions are at their strongest, but 
by 850 K they are less strong again, as suggested in the previous section. Plots 
of effective diffusivity also show that the barrier strength increases to 550 K 
throughout the year (Figure 6.24). At 850 K the tropical barrier appears weaker 
again, although there is some connection to the summer hemisphere extratropics 
where there are strong barrier regions reaching poleward of 60° (Figure 6.19). The 
two barrier regions in the subtropics tend to increase in width with height to 600 
K, as well as intensity. This is also the case with effective diffusivity calculations, 
where the one fairly narrow tropical barrier region at 400 K increases in width 
with height and appears to split into two stronger barrier regions in each equator, 
especially from June to November. 
Each barrier (in the Northern and Southern Hemispheres) is strongest in winter, 
both barriers tending to be situated toward the summer hemisphere. Haynes 
and Shuckburgh (2000a) also see this north-south movement of the minima in 
effective diffusivity and suggest it is due to the shifting position of the subtropical 
jets in each season. The relationship with the wind jets is not obvious from plots 
of SF 6  gradient (Figure 6.22). It is likely that the relationship with the wind 
field is emphasised more by using equivalent latitude, as is done by Haynes and 
Shuckburgh (2000a). Randel et al. (1999) see this pattern to a greater extent 
in HALOE data and suggest that the movement is correlated with the phase of 
the QBO wind, with the barriers moving further north during the westerly phase 
of the QBO. Since we see some movement north-south, it cannot be entirely 






In Section 5.2.2 we considered the seasonal variation of mean age (the zonal mean 
SF6  concentration, in effect). It was evident from the zonal mean age plots that 
there appeared to be larger gradients in the subtropics of the winter hemisphere, 
especially in the Southern Hemisphere in winter and spring. This is in agreement 
with our findings here. 
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Figure 6.22: Latitude-time distribution of normalised SF 6 gradient on the 400, 
450, 600 and 850 K isentropic levels in the UM with the Heun scheme (1993) and 
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Figure 6.23: Latitude-time distribution of normalised SF 6 gradient on the 400, 450, 
600 and 850 K isentropic levels in the UM with the Roe scheme (1993) and super-
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Figure 6.24: Latitude-time distribution of effective diffusivity on the 400, 450, 550 
and 850 K isentropic surfaces (Jan 1997- Jun 1998). Superimposed are contours 







This chapter has looked at transport processes in the tropical lower stratosphere 
and how they are represented in the Unified Model. We have looked at the tape 
recorder signal, ascent rates in the tropics, vertical diffusion and dilution rates of 
the tropical air by mid-latitude air. We have also looked in more detail at barriers 
to transport between the tropics and mid-latitudes and how their strength and 
position changes with time. We summarise the most important points here: 
. The Unified Model simulates a tape recorder signal with both advection 
schemes, both of which, however, have their limitations: The Heun scheme, 
due to its non-monotonicity, tends to amplify the tape recorder signal as it 
ascends through the stratosphere leaving a signal which does not decay with 
height as we would expect. Other non-monotonic schemes also act in this 
way. The Roe scheme, through being so diffusive in the vertical, produces 
a tape recorder signal which ascends much too fast. 
• Dilution of tropical air with extratropical air occurs with a time-scale of 
around 12-18 months and at a fairly constant rate with height in much of 
the stratosphere above 20 km. 
• Neither scheme explicitly defines any diffusion in the vertical, but that 
generated implicitly by the Heun scheme is comparable in magnitude to 
other estimates of diffusion from observations of trace gases. However, the 
implicit diffusion in the Roe scheme is 20-50 times larger and therefore very 
unrealistic. 
• We can use gradients of the long-lived tracer SF 6 to study regions of high 
and low mixing and can see barriers in the subtropics which are strongest 
in the winter months, although more disturbed. 
• These barriers tend to be located toward the summer hemisphere, being 
strongest around 600 K. Although we found that mixing of air into the 






• It is unlikely that the Roe scheme would be a good choice for use in a 
coupled chemical-dynamical model since the transport processes are so far 
removed from what we observe. The Heun scheme provides a more realistic 
picture of what we understand of the transport processes in the stratosphere 
if its limitations, which are outlined here, are borne in mind. 
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Transport across the tropopause 
In previous chapters we have discussed transport around the stratosphere in de-
tail, through the age of air, the tape recorder signal in the tropics and the vari-
ation in strength of subtropical barriers to isentropic (north-south) transport. 
We would now like to consider how and when air and its trace constituents are 
initially transported into the stratosphere. In Chapter 2 we discussed the idea 
of a stratospheric fountain, preferred times and areas of entry of air into the 
stratosphere which are also cold enough to allow us to account for the observed 
low water vapour mixing ratios. We also considered whether this exchange is 
forced from above by the extratropical pump, or whether it is forced from below 
by convective activity. We reviewed several methods by which convection could 
force dry air into the stratosphere. It is, in fact, possible that all these methods 
could be playing their part at some time or other or in a certain convective regime 
or another, but none have been studied with enough temporal or spatial detail 
to estimate the relative effect of each. We note that the spatial resolution of 
the UM is 3.75° longitude by 2.5° latitude. This is roughly 420 km by 280 km 
in the tropical region. The scale of penetrating updrafts and towers is around 
5-10 km, much less than can be resolved by the model, therefore convection and 
convective cloud is treated as a sub grid-scale process in the model (see Section 
4.2.4). This means that there are limits on the number of these processes which 
we can actually resolve within the model. 
With this in mind we hope to be able to understand more about processes taking 
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place in the real atmosphere by assessing the importance of larger-scale exchange 
processes within the model. We have already considered the effect of using dif-
ferent advection schemes several times in this work and will not do so again here. 
Although there are differences between the two schemes we wish to consider the 
underlying dynamics in this section and a breaking Rossby wave, for example, 
will be seen in both cases and our interest lies in the type of motions involved 
not the actual tracer concentrations at a given point in space and time. 
Section 7.1 describes the tropopause in the model, the location of the mini-
mum temperatures and considers the tropopause as a barrier to isentropic, quasi-
horizontal transport. We consider how these properties are associated with the 
subtropical barrier in the stratosphere. The following section looks at exchange 
across this tropopause barrier, pointing out the differences between the summer 
and winter transport properties. We show that there are many important hori-
zontal, as well as vertical motions occurring in the tropopause region, that they 
are both equally important and we cannot study one without the other. We there-
fore show that a tropopause region, where many complex processes are occurring 
and interacting and which has been discussed in recent theories, is evident in the 
UM. 
7.1 The tropopause 
In Section 2.2 we considered the various definitions of the tropical tropopause 
and the possibility of a tropopause layer. We will show that in the UM there 
is a layer above and below the thermal tropopause with both tropospheric and 
stratospheric properties, where many complex processes are interacting. With 
the current advances in understanding it is advisable to consider a tropopause 
layer, where conditions change from wholly tropospheric at the lower edge, to 
wholly stratospheric at higher altitudes. 
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7.1.1 The temperature minimum 
Since many of the STE theories are centred around the temperature at the 
tropopause, we will begin by showing the distribution of temperature at the 
model level near 100 hPa. This is normally the level at which the temperature is 
a minimum in the UM, with temperatures increasing at the level below ('s.'  120 
hPa) and at the level above (' 86 hPa). 
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Figure 7.1: Monthly mean tropical distribution of temperature in the UM at the level 
near 100 hPa for January (top) and July (bottom). Advection with the Heun scheme 
The January temperature distribution (Figure 7.1, top) in 1984 shows a region 
of low temperatures situated over the western Pacific region. This is the area 
suggested by Newell and Gould-Stewart (1981) as the main fountain since this is 
the coldest region of the tropopause. It has also been referred to more recently as 
the cold trap where the view is taken that air must pass through this region, but 
not necessarily from below in a fountain-like manner. The July temperatures are 
warmer in general (Figure 7.1, bottom) and in this season there is a temperature 
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minimum located over the Asian landmass, although this cold-point is not as 
marked as in January. This is again a secondary fountain region. Comparison 
with ERA-15 temperature data (See Nissen et al. (2001)) shows that the minimum 
temperatures are lower in the UM than in the re-analysis data, by around 2 K 
during January and 4 K in the Indian monsoon region in July. These temperature 
minima and fountain areas are both associated with monsoon circulations in the 
respective hemispheres. 
Recent work by Seidel et al. (2001) has shown that the 100 hPa level is a poor 
surrogate for the tropical tropopause. We will therefore use isentropic levels for 
further studies. They find that the temperature of the tropical tropopause is 
correlated with temperature and pressure in the lower stratosphere indicating 
that it is controlled from above, not from the underlying tropospheric conditions. 
7.1.2 The subtropical tropopause barrier 
The tropopause is highest in the tropics and decreases in altitude towards to 
poles. In the tropics, the tropopause dividing troposphere and stratosphere is 
approximately parallel to the 380 K isentrope, but between here and higher lat-
itudes the tropopause crosses isentropes down to around the 310 K isentrope 
which is almost entirely loated in the troposphere (refer to Figure 2.5). Between 
these potential temperature levels, the tropopause divides the troposphere and 
lowermost stratosphere. We consider this tropopause as a semi-permeable barrier 
whose strength and position may vary with time, as we did for the subtropical 
barrier in the stratosphere (Section 6.5). There we looked at the meridional gra-
dient of SF 6 on each isentropic level, suggesting that a steeper tracer gradient 
would be indicative of a stronger barrier. We adopt the same method here and 
consider how the strength of this barrier varies at 310 K (almost entirely in the 
troposphere), 350 K (half troposphere, half lowermost stratosphere) and 380 K 
(dividing troposphere and overworld in the tropics and lowermost stratosphere 
and overworld in the extratropics). Figure 7.2 shows the evolution of this barrier 
over a year at these three different levels. As in the previous chapter, areas of 
steep gradient indicate barrier regions and low gradient indicates mixing. The 
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tropopause barrier appears to be stronger at higher altitudes, being strongest in 
the winter in both hemispheres. We compare our results to those of Haynes and 
Shuckburgh (2000b) where effective diffusivity is used as a measure of mixing 
(Figure 7.3). 
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Figure 7.2: Latitude-time distribution of normalised SF 6 gradient on the 310, 350 and 
380 K isentropic levels in the UM with the Heun scheme (1984) and superimposed 
the zonal mean zonal wind (m s 1 ) in white contours. Pink denotes areas of low SF 6 
gradient (high mixing) and blue denotes areas of high SF 6 gradient (barrier regions) 
At 310 K, there are virtually no barriers visible, as this layer is almost all in 
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the troposphere where there is intense mixing everywhere due to synoptic scale 
baroclinic eddies. At 350 K and 380 K, the barrier is centred around 35° in 
both hemispheres and moves poleward to around 500  during the summer. The 
strongest gradients are associated with the core of the subtropical jet. In the 
Southern Hemisphere at 380 K, the subtropical vortex barrier tends to merge 
with the barrier region associated with the polar vortex during the winter. This 
is not so evident in the Northern Hemisphere and it appears that the Arctic 
vortex does not reach equatorward as far as the Antarctic one (This was also 
evident from Figure 6.19). These features are all in agreement with those visible 
in the effective diffusivity plots in Figure 7.3 based on ECMWF wind data. It 
appears then that there is a greater tendency to mixing in the presence of the 
weaker summer zonal winds and it is likely that this is related to the monsoon 
circulations (e.g. Chen (1995)). Thus since the barrier is so much weakened in the 
summer months at the higher levels, we expect to see more exchange of tracers 
across this barrier in these months. We consider the actual tracer fields in more 
detail in the next section. In Figure 6.19 we showed the SF 6 gradients at and 
above 400 K and we note again here that there appeared to be no barrier regions 
at 400 K, in winter or summer and that in the lowest part of the overworld there 
appears to be little to stop exchange between tropics and extratropics. 
As in the previous chapter we study the longitudinal distribution of the tropopause 
barrier. Figure 7.4 shows maps of the SF 6 gradient at 350 K. During January 
the barriers are stronger and they are strongest on either side of the cold trap 
region. However, in the Northern Hemisphere there are two distinct gaps where 
the strong gradients break down, one leading from the west Atlantic Northern 
Hemisphere over the Mediterranean and Russia and another along the west coast 
of North America. In the Southern Hemisphere there are also two obvious regions 
with a slightly weaker barrier, one poleward of South Africa leading north-west 
across the Atlantic and another from poleward of South America leading north-
west over the Pacific. In July the Southern Hemisphere barrier appears to be 
slightly stronger than in January, but still has the same regions where the barrier 
is weak. In the Northern Hemisphere the barrier is much weaker in July than in 
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Figure 7.3: Latitude-time distribution of effective diffusivity on the 310, 330, 350 
and 370 K isentropic surfaces (Jan 1997- Jun 1998). Superimposed are contours 
of zonal-mean zonal wind from ECMWF data. High effective diffusivity (pink-red) 
shows areas of high mixing and low effective diffusivity (blue-purple) shows areas of 
low mixing, or barrier regions. Plot from Haynes and Shuckburgh (2000b) 
one leading from the Atlantic north-east over Europe and over the Pacific there 
appear to be two gaps to the north-west and north-east in high latitudes leading 
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Figure 7.4: Monthly mean meridional gradient of SF 6 on the 350 K surface in January 
1984 (top) and July 1984 (bottom) in the UM. Zonal wind contours are overlaid in 
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7.1.3 A tropopause layer? 
We have studied the subtropical barrier in the lower stratosphere in the previous 
chapter and have looked at this barrier in the middleworid in the last section. 
Both regions have similar properties, for example a weaker barrier in the sum-
mer hemisphere. Dunkerton (1995) studied the circulation associated with the 
summer monsoons (Asia and Mexico during Northern Hemisphere summer and 
Australia and South America during Southern Hemisphere summer) and found 
that there was a large-scale anticyclone associated with each which extended into 
the stratosphere as far as 50 hPa ('' 22 km). 
Heun w 	91.87E Jul 1984 
-40 	-20 	 0 	 20 	 40 	 60 	 80 
latitude 
-16 	-4-2024 	 16 	 64 
(mm s -1) 
Figure 7.5: Latitude height section of vertical velocity (mm s 1 ) and contours of 
zonal wind overlaid in white (m s') at 90°E in July 1984 in the UM. Plot extends 
from 45°S to the north pole, 200 - 70 hPa 
Figure 7.5 shows vertical and zonal velocities in the tropopause region in July 
at 90°E in the UM. These monthly averages are made up by averaging the 96 
time-steps every day and subsequently averaging the daily mean values to arrive 
at the monthly value. The plot extends from 11 to 21 km which is equivalent 
to 340-500 K in the tropics. 90°E is a cross-section through the Asian Monsoon 
in the Northern Hemisphere. We can see that vertical velocities exhibit wholly 
stratospheric magnitudes above 18 km in the monsoon region and that the sub-
tropical jets (zonal winds overlaid) die away with height, but are still evident at 
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19 km. The temperature minimum is situated near 16 km. Sherwood and Dessler 
(2000) suggest the concept of a tropopause layer from 14-19 km (--' 350-450 K) 
where conditions are highly tropospheric below and entirely stratospheric above 
and the layer slowly changes properties from being mainly tropospheric at the 
lower edge to mostly stratospheric at its higher reaches. It is important to con-
sider the large-scale vertical and horizontal motion of air in this region as well as 
the many small-scale processes which may be occurring in the model. 
We have looked at the position of the tropopause in the model, shown where 
the minimum temperatures lie and used the SF 6 gradient as a measure of the 
strength of the barrier. We have shown that it is strongest around 350 K and 
during the winter months. It tends to be positioned further poleward in the 
summer. Its strength varies with longitude and there are geographically preferred 
regions where the barrier is weak. We have investigated the idea of a tropopause 
layer since there are similar transport processes occurring above and below the 
temperature minimum. We will now investigate the tracer fields to look more 
closely at how and where material is exchanged in the tropopause region. 
7.2 Exchange 
We choose to look simultaneously at two tracers, water vapour and SF 6 (here as 
age of air) near the tropical tropopause, in order to gain more information about 
the processes occurring in the model. Water vapour undergoes transport by the 
large scale circulation and in convective clouds, also being subject to evaporation 
and condensation, processes which are highly dependent on the temperature of 
the surrounding air. In cloud environments heat and energy are exchanged with 
the large-scale atmosphere. H 2 0 can also be rained out of the troposphere if 
it condenses and forms large enough particles. SF 6 , on the other hand, can be 
transported by the large scale circulation and in convective updrafts, but is oth-
erwise a passive tracer. We hope that studying these two tracers simultaneously 
will be an aid to our understanding. Unlike in Chapter 5, where we were looking 
at the age of air, defined as the time since it left the tropical tropopause, we 
will now consider the age of the tropospheric air, or the time since the air was 
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last in contact with the ground. The water vapour distribution in the model is 
compared to MLS measurements in Nissen et al. (2001) 
7.2.1 Exchange in July 
In section 7.1.2 we looked at the extratropical tropopause as a barrier and noted 
that it was considerably weaker in the summer hemisphere at 350 and 380 K 
(Figure 7.2) than in the winter, in the upper middleworld. Other authors have 
suggested that this is associated with the monsoon anticyclones. In Chapter 6 
we found that there appeared to be little sign of a subtropical barrier in either 
hemisphere between 380 and 450 K and that in this altitude-range there was 
also more mixing during the Northern Hemisphere summer. Most studies have 
assumed that transport is mainly isentropic in the extratropical areas, but we 
find that there is ascent and descent through the isentropes in the tropics and to 
some extent in the extratropics. This is particularly noticeable in the monsoon 
regions where there is always ascent to the west and descent to the east of a 
monsoon anticyclone. We investigate the role of these circulations in adding to 
the exchange of material between troposphere and stratosphere within the model. 
We first consider the tracer fields at 350 K, a middleworld level. In section 7.1.2 we 
found that there was a stronger barrier in the Southern Hemisphere, the barrier 
being weakest in the summer in both hemispheres. Therefore we expect to see 
mixing in the Northern Hemisphere and not in the Southern Hemisphere. 
The velocity field in Figure 7.6 shows strong westerly winds forming the Southern 
Hemisphere subtropical jet around 30°S. Associated with this is a strong gradi-
ent and little variation in age with longitude (middle plot). There is also little 
variation in the water vapour mixing ratio of 10 ppmv. The Northern Hemi-
sphere circulation is dominated by a large anticyclone extending over the north 
African continent, Asia and into the western Pacific. To the north of this are 
westerly winds from 35-45°N which mark the weaker and more variable summer 
subtropical jet. The air in the monsoon anticyclone is very moist and young at 
this level (Figure 7.6, top and middle), both the young and moist air appearing 
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Figure 7.6: Monthly mean water vapour (top), age (middle) and velocities (bottom) 
on the 350 K surface in July 1984 in the UM. Vertical velocities are shaded (mm s') 
and the horizontal velocity field (arrows) is overlaid. Plots extend from 60°S to 60°N 
from the north-west edge of the monsoon anticyclone. The northern extratropics 
are very moist at this level, with at least 15 ppmv everywhere. In the tropics, 
the outflow from the monsoon anticyclone's southeast edge appears to continue 
southwest across the equator over Indonesia and the Indian Ocean, eventually 
joining the Southern Hemisphere jet. The winds are easterly at the equator over 
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Africa, but westerly elsewhere. The tropical air is quite dry, around 8 ppmv, 
but slightly moister over the African and South American continents. This air 
is not yet dry enough to be stratospheric and still requires dehydration by some 
method. Across the Pacific the young and moist air is centred on the equator. In 
both the northern oceans (Pacific and Atlantic) there is ascent in the west and 
descent in the east of the ocean. 
The mechanism for moistening of the lowermost stratosphere proposed by Dethof 
et al. (1999) involved tongues of moist air being pulled off the monsoon vortex to 
the north-east, when the subtropical jet was distorted by an extratropical cyclone. 
Sometimes the moist air was injected directly into the lowermost stratosphere and 
sometimes it travelled along the subtropical jet and eventually was transported 
to the extratropics in association with a cyclone developing on the north Pacific 
storm track. They assumed that this transport would be entirely isentropic and 
did not consider whether any of this moist air might ascend to the stratosphere. 
In the model we see moist air extending north-east of the anticyclone and daily 
plots (not shown) indicate that on some occasions there are such tongues of young 
and moist air. The extratropical areas moisten from around 10 ppmv to 20 ppmv 
from May to August and become younger from 1 to 0.6 years. This implies that 
there must be transport of this air from the tropics. 
Chen (1995) suggested that there was transport into the extratropics on the west 
side of monsoon circulations. There is a slight bulge to the age contours to the 
north-west of the monsoon circulation suggesting that this may also be true in our 
model. Examination of daily maps shows that on occasion lumps of air do seem 
to become detached from the monsoon circulation at its north-west corner and 
travel northwards into the extratropics. One example of this process occurred 
on July 4th (Figure 7.7). The age distribution on this day clearly shows a lump 
of young air breaking away from the main anticyclone on the western side and 
heading northwards into the extratropics. The H 2 0 distribution at the same time 
does not show such a clear picture since patterns here are also highly dependent 
upon the temperature of the surrounding air, the moist air not simply being 
transported passively. 
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Figure 7.7: Monthly mean age (top) and water vapour (bottom) on the 380 K surface 
on 4th  July 1984 in the UM. Plot extends from the equator to 800  and 45°W-135°E 
When we consider the 380 K level (Figure 7.8), we see that there are similar 
features in the horizontal velocities as 350 K, but that there is much less vertical 
motion, with the main area being descent to the north-west of the monsoon 
anticyclone and ascent associated with the equatorward flow on the east side 
of the anticyclone. There is also a small anticyclone over the North American 
continent associated with the Mexican monsoon. In the Northern Hemisphere the 
moist air (up to 10 ppmv) is centred around 35°N in the west Pacific and 30°N in 
the west Atlantic, in line with, or just to the south of the main jet axis. It tends 
to appear here from below in the upward mean motion over the west Pacific, 
North America and the west Atlantic. This moist air extends equatorward and 
westward across the Pacific towards Indonesia, as does a tongue of very young air. 
It appears to be being advected around the east side of the Asian anticyclone. 
In the monsoon region itself the air is young at this level, as below, but now also 
relatively dry (< 5 ppmv), unlike at 350 K. 
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Figure 7.8: Monthly mean water vapour (top), age (middle) and velocities (bottom) 
on the 380 K surface in July 1984 in the UM. Vertical velocities are shaded (mm s 1 ) 
and the horizontal velocity field (arrows) is overlaid 
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When we look at the 400 K level (Figure 7.9), now completely in the lower 
stratosphere, we see that the winds are now almost entirely westwards at the 
equator, but otherwise the pattern is very similar to that at 380 K. The moist air 
is centred over the Atlantic around 30-40°N (7.5 ppmv) and dry air (3-4.5 ppmv) 
now covers the entire tropics. Relative to other longitudes, the air in the Asian 
monsoon anticyclone is young and dry. There is also a small young and dry patch 
inside the Mexican anticyclone. 
We will now consider some of the features in the tracer fields in more detail. At 
all the levels in our model we see a tongue of extratropical air extending into the 
tropics southwestward across the Pacific. Postel and Hitchman (1999) suggested 
that this region was a localised surf zone, centred around 30°N where Rossby 
waves broke, exchanging tropical and extratropical air. Examination of daily 
pictures shows that this feature in the monthly mean is built up by repeated 
tongues of old and moist air extending from the extratropics south-west across 
the Pacific, equatorward of a tongue of young and dry air extending north-west 
into the extratropics. An example of such an event on the 20 July is given in 
Figure 7.10. 
The trajectory studies undertaken by Postel and Hitchman (1999) suggested that 
20-25 % of the air in the breaking region came very recently (a few days) from 
the anticyclones to the west, having been advected along the poleward side of the 
anticyclone in the large zonal winds of the jet stream. Bannister et al. (2001) also 
conducted similar trajectory studies in the UM to assess the origin of the moist 
air which enters the tropics over the Pacific at 380 K, finding the largest part 
of this air to have originated from the monsoon anticyclone lying to the west. 
Their studies suggest that this air originated from a lower altitude and that it 
ascended and moved eastward out of the anticyclone in around 5-10 days. Chen 
(1995) also finds that there is a lot of stratosphere to troposphere transport in 
the Northern Hemisphere associated with the monsoon anticyclones at 350 K. He 
describes a similar picture to what is shown here, with the breaking Rossby waves 
downwind of the anticyclones as described by Postel and Hitchman (1999) also at 
350 K. We find that this equatorward transport of material associated with the 
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Figure 7.9: Monthly mean water vapour (top), age (middle) and velocities (bottom) 
on the 400 K surface in July 1984 in the UM. Vertical velocities are shaded (mm s') 
and the horizontal velocity field (arrows) is overlaid 
persists at 380 and 400 K, well into the stratospheric overworid and as Bannister 
et al. (2001) showed with their trajectory studies, is the source of moist air in the 
tropical Pacific at 380 K. 
On occasion we also see such events occurring in the Atlantic downwind of the 
Mexican monsoon, but these events are less frequent. Postel and Hitchman (1999) 
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Figure 7.10: Monthly mean age (top) and water vapour (bottom) on the 380 K 
surface on 20th  July 1984 in the UM. Plot extends from the equator to 80°N and 
450 E-225 0 E 
showed that there was frequent wave breaking in this area, but that it was of 
secondary importance to the region in the Pacific. The global-scale wind fields 
are in any case dominated by the large anticyclone associated with the Asian 
monsoon and the Mexican anticyclone is much less prominent. 
There is little variability in the Southern Hemisphere tropics at any level and 
the strong zonal winds appear to be an effective barrier to much transport in or 
out of the tropics. However, the Northern Hemisphere is much more variable in 
July and many of the disturbances appear to emanate from the Asian monsoon 
anticyclone. There appear to be more signs of transport out of the tropics at 350 
K and into the tropics from the Northern Hemisphere subtropics at the higher 
altitudes. 
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7.2.2 Exchange in January 
Temperatures in January are colder at the tropopause and we expect to see a 
smaller mixing ratio of water vapour entering the stratosphere, although the 
total volume of air rising through the tropical stratosphere is greater. At 350 
K, we can see (Figure 7.11, top) that the H 2 0 mixing ratios at the equator and 
northwards are fairly low (8 ppmv) but that there is a small area of high water 
vapour values just to the north-west of Australia associated with the monsoon 
there. As in July this moist air appears to have spread out to the east along 
the line of the subtropical jet (15 ppmv). The age distribution shows that the 
air is young everywhere in the Indonesian and west Pacific regions where there 
are both moist and dry regions. Older air from the extratropics extends into the 
equatorial regions in the east Pacific and in the Atlantic from both the north and 
the south mid-latitudes. The main area of ascent is centred in the west Pacific just 
north of Australia and there is ascent extending across the Pacific to the north-
east towards North America and also south east towards South America. These 
regions are overlying convective activity. There is an area of descent centred 
on the equator in the central and east Pacific due to the underlying Walker 
circulation and also areas of descent over Australia, Asia and Indonesia to the 
west of the main ascent region. 
At 380 K, we can see two distinct anticyclones in the Northern and Southern 
Hemispheres in the west to central Pacific (Figure 7.12). They both tend to incur 
descent in their poleward branches (especially in the Northern Hemisphere) and 
ascent in the equatorward ones, as we saw with the monsoons in July. These 
anticyclones lie on either side of what is known as the 'cold trap' in the west 
Pacific (refer to Figure 7.1) and their poleward edges are coincident with the 
strongest barriers. At the equator flow is mainly westwards, except in the east 
Pacific, where it is eastward. The minimum in water vapour is situated over the 
cold trap region as expected and water vapour is low over most of the tropical 
region. There is an area of higher water vapour values which extends equatorward 
from the Southern Hemisphere into the east to central Pacific and also an area in 
the Atlantic. The youngest air is situated to the north of the equator and varies 
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Figure 7.11: Monthly mean water vapour (top), age (middle) and velocities (bottom) 
on the 350 K surface in January 1984 in the UM. Vertical velocities are shaded (mm 
S -1 ) and the horizontal velocity field (arrows) is overlaid 
little longitudinally. Older air extends into the tropics from the north and south 
over the east Pacific and the Atlantic. 
At 400 K, there appears to be a much more uniform distribution of water vapour 
with values across the tropical region only varying by 1.5 ppmv (Figure 7.13). 
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Figure 7.12: Monthly mean water vapour (top), age (middle) and velocities (bottom) 
on the 380 K surface in January 1984 in the UM. Vertical velocities are shaded (mm 
S-1 ) and the horizontal velocity field (arrows) is overlaid 
over the western and central Pacific which have westward flow at the equator and 
eastward flow combined with the subtropical jets in the subtropics. The winds at 
the equator are almost entirely westward at this level. In contrast to the smooth 
water vapour field, the age distribution at this level shows lots of disturbance 
in the subtropics of both hemispheres, although the age at the equator does not 
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Figure 7.13: Monthly mean water vapour (top), age (middle) and velocities (bottom) 
on the 400 K surface in January 1984 in the UM. Vertical velocities are shaded (mm 
s') and the horizontal velocity field (arrows) is overlaid 
We first consider the Southern (summer) Hemisphere at all levels. In July we 
saw that there was a lot of disturbance caused by the large Asian monsoon an-
ticyclone. The monsoons in the Southern Hemisphere are not so pronounced 
and generally occur more equatorward due to the underlying pattern of land and 
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ocean. The Australian monsoon appears most prominent and there is a large 
anticyclone associated with this. Also evident in the velocity fields at all levels is 
a much smaller anticyclone over South America. Traces of the African monsoon 
are only just evident at the 350 K level. Postel and Hitchman (1999) find Rossby 
wave breaking in all three southern oceans in association with the east side of 
these monsoon circulations, the areas of most intense activity being in the cen-
tral Pacific and the Atlantic. Another model study by Horinouchi et at. (2000) 
find tongues of stratospheric air penetrating the tropics (like breaking Rossby 
waves) to the east of all three monsoon circulations, the most prevalent of which 
is from the central pacific north-west towards Indonesia. They find that these 
Rossby wave breaking events die away with increasing altitude as the monsoon 
anticyclones do so. In the UM we see old (stratospheric) air extending into the 
tropics over the Pacific and Atlantic at all isentropic levels, but not over the 
Indian Ocean. The most prominent of these is over the Pacific, to the east of 
the large anticyclone associated with the Australian monsoon. Daily tracer fields 
show that there are frequently tongues of stratospheric air advected around the 
east side of the Australian and (less often) the South American monsoon. Very 
occasionally there are also tongues which extend north-west across the Indian 
Ocean and towards Africa. The age map at 350 K (Figure 7.11, middle) shows a 
small area of very young air over Madagascar which is separated from the main 
Indonesian area. Daily maps of the age of air indicate that this is caused by such 
intrusions from the south northwards through the Indian Ocean. 
In the Northern (winter) Hemisphere we found a stronger barrier than in July, 
but there were still distinct weak areas from the Atlantic over Africa and in the 
east Pacific. The wind fields show that the jet moves north and south more 
in these areas than other places. Horinouchi et at. (2000) suggest that these 
two areas favour propagation of Rossby waves into the tropics since winds are 
westerly at the equator (at least at 350 and 380 K). This means that the jet is 
nearer the tropics here and any waves which break will be depositing material 
near the equator. The age distributions at 350 and 380 K indicate that old air 
from the extratropics is indeed present in tropical areas in the east Pacific and 
over the Atlantic. Trajectory studies by Horinouchi et at. (2000) suggest that 
177 
Chapter 7 	 Transport across the tropopause 
there are two main routes for tropical air to enter the extratropics, those being 
from the Atlantic to the north-east over Africa, with a second route from the east 
Pacific to the north-east over Mexico. Daily maps show tongues of tropospheric 
air being advected north-east through these regions where we also saw the weak 
barriers. 
7.2.3 Dehydration of air ascending to the upper atmo-
sphere 
Until recently most studies of troposphere to stratosphere exchange in the tropics 
have focussed on the large vertical motions that occur in convective regions in 
the troposphere, the coldest areas of the tropopause (which tend to occur above 
the main areas of convection) and process by which air can move from this tropo-
spheric regime to one of uniform slow mean ascent just above a horizontal plane 
(the tropopause). 
The many studies of troposphere to stratosphere exchange have mainly focussed 
on the vertical ascent of air at a given latitude and longitude and whether or not 
it will become dehydrated enough before it reaches the stratosphere to continue 
rising at a much slower stratospheric rate. We have shown here that there are 
large horizontal velocities and features such as monsoon anticyclones which can 
move this air large distances both east-west in jets but also north-south in the 
equatorward and poleward branches of monsoon circulations. Recently Holton 
and Gettelman (2001) have suggested that these horizontal motions are important 
in dehydrating air during the cold Northern Hemisphere winter, if we consider 
that air doesn't have a once-only chance of being dehydrated when it crosses 
the tropopause temperature minimum, but that the horizontal winds are strong 
enough and located such that air which rises to the tropopause at other longitudes 
and latitudes can be advected horizontally through the cold trap. In January we 
see that the horizontal wind field is dominated by a large anticyclone in each 
hemisphere located to the north and south of the cold trap region over the west 
Pacific (Figures 7.12 and 7.13). These in effect force any air which passes this 
longitude to travel through the cold trap from east to west. Holton and Gettelman 
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(2001) suggested that air in the Indian Ocean could be advected northwards and 
around the northern anticyclone to be processed in the west Pacific cold trap. We 
see numerous other occasions where air is advected polewards to the subtropical 
jet and then speedily eastwards until at some point it can return to the tropics, 
for example in a breaking Rossby wave, or advection round the east side of a 
monsoon anticyclone. The shape of the water vapour minimum where the lowest 
values are evident to the west of the cold trap region, suggests this also. The moist 
air which is advected into the tropics from the eastern sides of the Australian and 
South American monsoons at 380 K is also in a position to be advected through 
the cold trap region before it climbs to the warmer air above. 
These vast horizontal excursions equatorwards and polewards affect the age dis-
tribution and seem to be important in shaping the patterns that we see. They 
must also be important in the transport of H 2 0 which is very sensitive to the 
temperature it encounters en-route. If this is the case then the air does not need 
to be dehydrated as it crosses the temperature minimum vertically and does not 
need only to ascend to the tropopause in the region of the temperature minimum, 
but could ascend anywhere and eventually be advected through the cold trap on 
its journey. However, there are definite areas of ascent and descent in the model, 
the ascent generally being in regions of convective activity. 
We have shown that in the model there are various tropospheric features which 
persist into the stratosphere and that the subtropical barriers exhibit similar 
features in the lower stratosphere up to 450 K as they do in the middleworid. It 
is useful to consider a tropopause layer where the air enters from below through 
purely tropospheric means (e.g. convection) and above which air assumes purely 
stratospheric properties and is under the control of the extratropical pump. In 
its journey through this layer the air can be subject to the influences of both the 
tropospheric and stratospheric features which persist. If we consider a tropopause 
layer from around 350 to 450 K (around 5 km thick) then at a mean ascent rate 
of 0.5 mm s it would take air 115 days to ascend through this region. In 
comparison air could circumnavigate the earth in 40 days at a speed of 5 in 
s 1 , be advected around the Northern and Southern Hemisphere anticyclones in 
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a monsoon anticyclone to a Rossby wave breaking event thousands of kilometres 
downwind in only 2 or 3 days. It seems that these horizontal transport processes 
must be significant in mixing different air masses in the slow ascent of material 
in the tropics from troposphere to stratosphere. 
7.3 Summary 
This chapter has used tracers introduced previously, to look in detail at processes 
occurring near to the tropopause. This is an area where there are few high resolu-
tion observations and many theories on the exact processes which are occurring, 
to allow water vapour to be dehydrated to the low amounts which we see in the 
stratosphere. The previous two chapters have shown that the Heun scheme pro-
duced the most realistic tracer distributions and transport. In this chapter we 
used the UM with this scheme to allow us to infer details of STE which cannot 
be seen in individual observational datasets. The following points highlight the 
main findings of this work. 
• We see similar properties in transport above and below the traditional 
tropopause and suggest that we cannot separate these two areas into dif-
ferent regimes but must consider them together to be able to understand 
processes occurring in this region. For this reason we think concept of a 
tropopause layer, say from 14 to 19 km, is a good one. 
• Tropopause barriers in the middleworld are strongest in the Southern Hemi-
sphere and tend to be located towards the summer hemisphere. The barriers 
are weaker during summer, probably due to interaction of the jet stream 
with the summer monsoon circulations. There tend to be preferred regions 
for gaps in the barriers in each season. 
• The subtropical jet tends to be weaker downwind of summer monsoon an-
ticyclones. These weaker winds allow Rossby waves to break exchanging 
material between the tropics and extratropics both in the middleworid and 
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exchange in either hemisphere, which are geographically fixed due to the 
location of the monsoons. The Asian monsoon circulation appears to dom-
inate the patterns in the Northern Hemisphere. 
• These large-scale horizontal motions must be important in determining the 
distribution of trace gases both in the middleworid and in the lowermost 
stratosphere. 
• Both the horizontal and vertical transport processes occurring in the tropopause 
layer are important in the transport of trace gases from troposphere to 
stratosphere, as well as in the dehydration of air. 
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Summary and conclusions 
This thesis is primarily concerned with transport processes into and around the 
middle atmosphere. We are interested in gaining a greater understanding of this 
subject, particularly of the processes occurring in the Unified Model since we 
would eventually like to add chemistry routines to this model. It is first vital to 
understand how gases are carried around the model in a passive manner, before 
we introduce the complex feedbacks inherent in an interactive chemical-dynamical 
situation. Section 8.1 is a summary of the work in this thesis and Section 8.2 
concludes this work. 
8.1 Summary 
In Chapter 2, we summarised the most important points of the subject of trans-
port around the middle atmosphere. Tropical phenomena such as the atmospheric 
tape recorder, the tropical pipe and subtropical barriers were discussed in de-
tail. We also considered the many definitions of the tropopause, the interface 
between troposphere and stratosphere. Several methods of exchange of mate-
rial across this barrier were put forward. Some dealt with transport across the 
tropical tropopause and were concerned with mainly vertical motions. Others 
involved transport across the extratropical tropopause and were concerned with 
mainly quasi-horizontal motions. We also considered recent interest in defining a 
tropopause layer which would encompass all of these transport processes and sug- 
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gested that we perhaps cannot separate these tropical and extratropical, vertical 
and horizontal transport processes but that we should study them together. 
Section 8.1.1 summarises the findings from our 2D modelling studies. In Section 
8.1.2, we discuss the Unified Model, the main differences between the two advec-
tion schemes, as well as their relative merits and downfalls. We then explain the 
use of the SF 6 tracer which helped us understand the Brewer-Dobson circulation 
in the model. This section also deals with our findings regarding advection, di-
lution and diffusion in the tropical stratosphere. Section 8.1.3 summarises work 
on barriers between the tropics and extratropics. We then consider the defini-
tion of the tropopause (Section 8.1.4) and exchange between the troposphere and 
stratosphere. Finally in section 8.1.5 we note other advances which have been 
made towards coupled chemical dynamical modelling which will benefit greatly 
from this work. 
8.1.1 2D modelling studies 
We began with a two-dimensional modelling study. We used the 2D chemical-
dynamical THIN-AIR model to study the impact of supersonic aircraft on the 
composition of the stratosphere. We found on the whole the impact was small 
(less than 1 % decrease in global total ozone column), but that there were greater 
local effects, with a fleet of 500 supersonic craft with a NO El of 15 decreasing 
the ozone mixing ratio by over 3 % at 30 km around 60°N during winter. In 
comparison to other models the THIN-AIR model had a rather strong barrier to 
transport across the equator in the stratosphere. 
This model is a zonal-mean representation of the middle atmosphere whose res-
olution in the vertical and horizontal is rather coarse to enable us to understand 
much of the small scale or longitudinally varying features which recent research 
has shown to be very important in transport, as well as for the subsequent 
chemical reactions. Following this work we concluded that a two-dimensional 
chemical-dynamical model was no longer sufficiently complex to help us answer 
current questions about the middle atmosphere, so we chose to adopt a three-
dimensional dynamical model, the Unified Model, with a view of implementing 
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chemical routines to allow us to study chemistry and dynamics interactively in 
a three-dimensional framework. Before implementing chemical routines we felt 
it was imperative to study the transport processes in this model and understand 
these fully before progressing to coupled chemistry-dynamical problems. This is 
the main focus of the remainder of the thesis. 
8.1.2 The UM, advection schemes and simple tracers 
The Unified Model, which we have used for the majority of this work, was in-
troduced in Chapter 4 and we discussed its formulation and physical parame-
terisations. There are two different advection schemes available for use in the 
model and we discussed them in detail and assess their performance in idealised 
two-dimensional tests. We also compared the model's climate to the CIRA ob-
servational climatology and pointed out the good and bad points of the model's 
climate. 
SF6 , a passive tracer with a ground source which increased linearly with time, was 
useful for several applications. It was used for the calculation of the age of air. It 
was also useful in showing isentropic barrier regions and gives results which we 
were able to compare to more complex effective diffusivity calculations. It was 
also used to identify areas near the tropical tropopause which were more recently 
at the ground, which provided additional information we could not obtain from 
the water vapour fields near the tropopause. 
We have shown several times that the choice of advection scheme is important 
in getting an accurate simulation of the atmosphere and the transport of passive 
tracers. Use of two different advection schemes gave results more widely varying 
than other model comparisons had predicted. The Roe scheme proved to be very 
diffusive, whereas the Heun scheme, being non-monotonic and weakly unstable, 
produced spurious waves. The main points regarding the differences found due 
to the advection schemes are summarised below: 
• We looked at the age of air in the stratosphere and found that the Heun 
scheme produced air almost twice as old (5.5 years) as the Roe scheme 
Chapter 8 
	
Summary and conclusions 
(3 years). The Heun scheme age distribution was found to be much more 
realistic in the tropics and extratropics when compared to age distributions 
inferred from SF 6 and CO2 observations. The age distribution broadly 
reproduced transport around the Brewer-Dobson circulation. 
• The tropical tape recorder signal in the model stratosphere travels upwards 
twice as fast with the Roe scheme as with the Heun scheme. This result 
is consistent with that of the mean age advection scheme differences. In 
this respect the Heun scheme seems to give more realistic results when 
comparing this work to observations of H 2 0. However, the signal in the 
Heun scheme does not die away with height as the observations suggest, 
with spurious waves being amplified with height. The Roe scheme signal 
dies away too quickly. 
• We showed that subtropical barriers in the stratosphere as well as the ex-
tratropical tropopause barrier appeared to be much stronger with the Heun 
scheme. This is due to the excessive diffusion inherent in the Roe scheme. 
We recommend that the user of any GCM should be aware of the limitations of its 
advection scheme and suggest that 2D idealised tests in cases of constant winds 
are not sufficient to predict the behaviour of an advection scheme in a 3D model 
run over a long-term climate period. Without consideration of the advection 
scheme it is possible to make false statements regarding the real atmosphere, for 
example with the tape recorder signal. Given the choice of the Heun and Roe 
schemes, we recommend the use, with caution, of the Heun scheme within the 
UM. However, Gregory's results with the NIRVANA fifth order scheme appear 
to be more accurate, combining the positive qualities of both schemes. 
We calculated height dependent advection, dilution and diffusion coefficients for 
the tropical region. We found a dilution time-scale of around 12-18 months in 
agreement with other authors, but we did not find a minimum in dilution (maxi-
mum time-scale) as suggested by Mote et al. (1998). However, our results are in 
agreement with a more recent calculation by Volk. Diffusion factors were < 0.1 
m2 s- I  with the Heim scheme, in line with previous estimates, but ranged from 
2-5 m2 s- I  when using the Roe scheme. The vertical advection velocity in the 
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model varies from 0.2 mm s' near 18-19 km, to 0.5 mm s at 30 km. This is 
near to the velocity pattern when simultaneously calculating velocity, diffusion 
and dilution. It is also close to the advection speed inferred from HALOE data. 
The following sections highlight transport mechanisms which the model is able 
to reproduce and details which can be learnt about the real atmosphere, given 
these limitations of the advection schemes. 
8.1.3 Barriers between tropics and extratropics 
We have considered barriers to horizontal and vertical transport in several chap-
ters. We will try to bring together these results and summarise them here. In 
Chapter 6, we considered the subtropical barrier to horizontal transport in the 
stratosphere. In Chapter 7, our concern was with the subtropical tropopause bar-
rier to horizontal transport. We found that these two barrier regions exhibited 
similar qualities at times, so we will consider them together here. 
The barriers tend to be weaker in summer and stronger in winter, in both the 
subtropical tropopause and stratospheric barriers. The Northern Hemisphere 
summer barrier tends to be the weakest. The tropopause barrier is strongest 
around 350 K, dying away above this and the stratospheric barrier is at its max-
imum strength around 600 K, dying away towards 800 K. At 350 K, the barriers 
are centred around 50°N and S, but they are closer to the tropics with increasing 
height so that at 800 K they are centred around 20°N and S. At lower alti-
tudes, the barriers tend to move slightly towards the summer pole, but this effect 
dies away with height. The region between 380 K and 450 K (entirely in the 
lower stratosphere) is the altitude where there is virtually no barrier observed 
in either hemisphere. It is thought that the summer hemisphere barriers are 
much weaker due to the monsoon anticyclones mixing material meridionally, but 
their effect decreases with altitude, the mixing induced by planetary-scale Rossby 
waves becoming more important. The barriers have specific regions or gaps where 
exchange can more easily occur between tropics and extratropics. At the lower 
altitudes, these tend to be in the summer hemispheres and connected with the 
monsoons. However, with increasing altitude it becomes the winter barrier which 
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has gaps. These are likely to be associated with the greater amount of planetary 
Rossby wave breaking occurring at this time of year in the surf zone. 
8.1.4 The tropopause, its definition and exchange 
Recent studies have suggested that the tropopause should be considered as a layer 
where both tropospheric and stratospheric properties are both present, rather 
than a single surface which is crossed in either direction at certain places. Ex-
amination of fields in the UM has shown that this is the case in the model, for 
example the Hadley circulation and monsoon circulations tend to extend above 
the traditional tropopause in the model and barriers do not show a consistent 
continuous surface. The existence of a transition region from tropospheric to 
stratospheric properties is evident and is a more useful concept when considering 
the complex interactions which occur between the two spheres. 
In this study we were primarily concerned with transport into the tropical strato-
sphere from the troposphere. We showed the importance of large-scale horizontal 
motions aiding exchange from troposphere to stratosphere, especially in locations 
downwind of monsoon anticyclones. It is not only the vertical motions which are 
important in dehydrating the air as it enters the stratosphere but these horizon-
tal motions and the interaction between the two. It is possible that air could be 
drawn around a monsoon anticyclone and back through the cold trap at a later 
date. 
8.1.5 Further advances in coupled chemistry/ dynamics in 
the UM 
Within UGAMP advances are being made in coupling simple chemistry schemes 
to the UM. Importantly for this middle atmosphere version of the model, a 
methane oxidation scheme has been introduced which will make stratospheric 
and mesospheric water vapour more realistic and allow us to use the prognostic 
water vapour variable fully interactively in the radiation and dynamics sections 
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implemented (Bräsicke, personal communication). The UM has already been 
coupled to a trajectory model, STOCHEM, which calculates chemical reactions 
along the path of the trajectories (Stevenson, personal communication). These 
simple couplings are beginning to show promising results. This work on the trans-
port mechanisms within the model will be valuable in understanding these and 
future coupled chemistry - dynamics results as they become available. 
8.2 Conclusions 
The main findings of this work can be summarised as follows: 
• The impact of supersonic aircraft on stratospheric composition was found 
to be small globally (less than 1 % decrease in global total ozone column), in 
work with the 2D THIN-AIR model. Impacts were greater locally. However, 
2D chemical-dynamical models are no longer sufficiently complex to help 
us answer current critical questions about the middle atmosphere. 
• The age of air in the Unified Model was very sensitive to the advection 
scheme used for tracers, varying from a maximum of 3 years with the Roe 
scheme and 5.5 years with the Heun scheme in the extratropical strato-
sphere. The latter was in agreement with mean age inferred from observa-
tions of trace gases. 
• The tape recorder signal appeared to ascend at a speed closer to that in-
ferred from observations of trace gases with the Heun scheme. However, 
it did not decrease in amplitude with height as observed, due to spurious 
oscillations amplifying the signal. 
• A dilution time-scale of 12-18 months was calculated in the lower strato-
sphere, but we did not find a peak in this time-scale as observed by some 
other authors. Vertical diffusion rates were < 0.1 m2 s  with the Heun 
scheme, in line with previous estimates, but ranged from 2-5 m 2 s with 
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• Subtropical barriers with similar properties exist higher and lower than the 
tropical tropopause. These are stronger in the winter hemisphere, weak 
in the low tropical stratosphere and closer to the equator with increasing 
height. There are gaps in these barriers at fixed geographic regions where 
exchange is more likely. 
. It is sensible to consider a tropopause layer from 14-19 km where tropo-
spheric and stratospheric properties interact, where large horizontal and 
vertical motions are both important and inseparable. We showed that large-
scale horizontal motions were vital in the transport of material from the 
troposphere to the tropical stratosphere, especially downwind of monsoon 
anticyclones. 
With the rapidly increasing computing power available and recent advances with 
coupling chemistry modules to the Unified Model and other GCMs, the many 
factors of transport which we have highlighted in this study will be vital in un-
derstanding future modelling results as they emerge, both from the UM and other 
coupled chemical-dynamical models. 
8.3 Further work 
At several points in this thesis we have already suggested several areas where this 
work is incomplete, or how it could be continued. This is a short list of the work 
which follows on directly from this thesis. 
• The THIN-AIR 2D model was forced by annually periodic geopotential 
height so there was very little interannual variability in the model. Kin-
nersley (1998) has already made some progress in forcing the model with 
geopotential heights which vary year-to-year, but it would be interesting to 
consider the interannual variability of transport in this case. 
• In Chapter 5 we noted that the SF 6 tracer sometimes became negative, 
suggesting that these negative areas and the unphysical 'fix' for them might 
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make the age of air with the Heim scheme artificially old. Assessing exactly 
how often and where this occurs in the model would be a useful addition 
to this work. 
• Other groups have recently implemented gravity-wave drag schemes into the 
UM, allowing a QBO to be generated (Section 4.2.4). A study of transport 
similar to this one, in a version of the model with a QBO would complement 
this work well. 
• Chapters 6 and 7 studied subtropical barriers by considering the latitudinal 
gradient of SF6 . It would be a useful and interesting exercise to compare 
the apparent barriers seen in areas of high SF 6 gradient with gradients of 
potential vorticity in the UM. 
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